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SUMMARY 
F l i g h t  tests w e r e  performed on an F-14 a i r c r a f t  to  e v a l u a t e  t h e  u s e  of f l u s h  
p r e s s u r e  o r i f i c e s  on t h e  nose s e c t i o n  f o r  ob ta in ing  a i r  d a t a  a t  t r a n s o n i c  speeds 
ove r  a l a r g e  range of f low angles .  This  program, conducted a t  the Dryden F l i g h t  
Research F a c i l i t y  of NASA Ames Research Center,  was par t  of a f l i g h t  test  and wind- 
t u n n e l  program t o  assess t h e  a c c u r a c i e s  of such systems f o r  g e n e r a l  u s e  on a i r c r a f t .  
I t  also provided data t o  v a l i d a t e  a lgor i thms developed f o r  t h e  s h u t t l e  e n t r y  a i r  
data  system des igned  a t  NASA Langley R e s e a r c h  Center .  D a t a  were ob ta ined  f o r  Mach 
numbers between 0.60 and 1.60, f o r  angles  of a t t a c k  up t o  26.0°, and f o r  s ides l ip  
a n g l e s  up to  l l . O O .  With c a r e f u l  c a l i b r a t i o n ,  a f l u s h  a i r  data system wi th  a l l  
f l u s h  o r i f i c e s  can p rov ide  a c c u r a t e  a i r  data  in fo rma t ion  over  a l a r g e  range of f l o w  
ang le s .  S e v e r a l  o r i f i c e s  on t h e  nose cap were found to  be s u i t a b l e  f o r  determina- 
t i o n  of s t a g n a t i o n  p res su re .  Other  o r i f i c e s  on t h e  nose s e c t i o n  a f t  of t h e  nose 
cap  were shown t o  be s u i t a b l e  f o r  de te rmina t ion  of s t a t i c  p res su re .  P a i r s  of ori- 
fices on t h e  nose cap provided t h e  most s e n s i t i v e  measurements f o r  de te rmining  
a n g l e s  of a t t a c k  and s i d e s l i p ,  a l though o r i f i c e s  l o c a t e d  f a r t h e r  a f t  on the nose 
s e c t i o n  could a l s o  be used. 
INTRODUCTION 
A wind-tunnel and f l i g h t  test program w a s  conducted by t h e  Dryden F l i g h t  
Research F a c i l i t y  of NASA Ames Research Center (Ames-Dryden) t o  e v a l u a t e  the use  
of a l l  f l u s h  o r i f i c e s  i n  a f l u s h  a i r  d a t a  sys tem (FADS) on a i r c r a f t  from subsonic  
t o  low supe r son ic  speeds ( r e f s .  1 t o  5). The work d i scussed  i n  t h i s  r e p o r t  w a s  a 
c o n t i n u a t i o n  of a program designed a t  NASA Langley Research Center  f o r  the s h u t t l e  
e n t r y  a i r  d a t a  system (SEADS) .  It provided data f o r  e v a l u a t i n g  a lgo r i thms  devel-  
oped from wind-tunnel t es t  r e s u l t s  f o r  de r iv ing  a i r  d a t a  from SEADS measurements 
(refs. 6 and 7 ) .  The SEADS development w a s  i n i t i a t e d  to  provide  data dur ing  
s h u t t l e  e n t r y  i n t o  the atmosphere,  especially when i n t e n s e  aerodynamic h e a t i n g  
p rec ludes  ex tending  t h e  e x t e r n a l  s i d e  probes i n t o  t h e  airstream. 
E a r l i e r  wind-tunnel and f l i g h t  tests were conducted f o r  a FADS on a KC-135 
a i r p l a n e  and a i rcraf t  scale model t o  provide  data f o r  e v a l u a t i n g  SEADS a lgor i thms 
( r e f s .  2, 3, and 5). These tests were conducted f o r  Mach numbers M between 0.30 
and 0.90, a n g l e s  of a t t a c k  a from -2.0° t o  16.0°, and a n g l e s  of s i d e - s l i p  B t o  
5.0°. The r e s u l t s  of t h e s e  tests helped t o  v a l i d a t e  t h e  SEADS a lgo r i thms  a t  sub- 
s o n i c  speeds  and i n d i c a t e d  tha t  t h e  performance of a FADS f o r  the cond i t ions  
tested w a s  comparable t o  t h a t  of a convent ional  P i t o t - s t a t i c  probe system. Th i s  
i s  an impor t an t  r e s u l t  because f l u s h - o r i f i c e  i n s t a l l a t i o n s  have s t r u c t u r a l ,  cost, 
and weight  advantages over  P i t o t - s t a t i c  probe i n s t a l l a t i o n s .  S i n c e  t h e s e  tests 
were performed, s e v e r a l  a i rc raf t  w e r e  instrumented wi th  a l l - f l u s h - o r i f i c e  a i r  d a t a  
systems by o t h e r  f l i g h t  test o r g a n i z a t i o n s  to  o b t a i n  a i r  d a t a  ( r e f s .  8 and 9) .  
The F-14 f l i g h t  tests d i scussed  i n  t h i s  report extended t h e  d a t a  base t o  t r an -  
s o n i c  and supe r son ic  speeds  and moderately high ang le s  of a t t a c k  and s i d e s l i p .  
The tests were conducted f o r  Mach from M = 0.60 t o  1.60, f o r  a n g l e s  of a t t a c k  t o  
a = 26.0°, and f o r  ang le s  of s i d e s l i p  t o  8 = l l . O O .  The test r e s u l t s  r epor t ed  
h e r e  provided f l i g h t  v e r i f i c a t i o n  data f o r  the SEADS program and a l s o  provided a 
q u a l i t a t i v e  e v a l u a t i o n  of t h e  FADS concept ,  with emphasis a t  t r a n s o n i c  speeds and 
h igh  ang le s  of attack. 
For t h e  F-14 tests, f l u s h  o r i f i c e s  were i n s t a l l e d  on a s p h e r i c a l  nose cap sur -  
face i n  a cruciform p a t t e r n .  The nose cap blended wi th  t h e  nose of t h e  a i r c r a f t .  
A d d i t i o n a l  flush-mounted orifices w e r e  i n s t a l l e d  on t h e  nose s e c t i o n  a f t  of t h e  
nose cap. These o r i f i c e s  were i n s t a l l e d  t o  f u r n i s h  a s u i t a b l e  static-pressure 
s o u r c e  t o  be used i n  conjunct ion  wi th  t h e  o r i f i c e s  on t h e  nose cap. They w e r e  
a l so  used t o  e v a l u a t e  a FADS t h a t  cannot  u t i l i z e  o r i f i c e s  on t h e  nose cap 
because of 
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r e s t r i c t i o n s  such as possible i n t e r f e r e n c e  wi th  r a d a r  u n i t s .  
NOMENCLATURE 
normal a c c e l e r a t i o n  a t  c e n t e r  of  g r a v i t y ,  g 
l o n g i t u d i n a l  a c c e l e r a t i o n  a t  c e n t e r  of  g r a v i t y ,  CJ 
la teral  a c c e l e r a t i o n  a t  c e n t e r  of q r a v i t y ,  g 
extended Kalman f i l t e r  ( n o n l i n e a r )  
f l u s h  a i r  data system 
Greenwich mean ti m e  
a c c e l e r a t i o n  due t o  g r a v i t y  
p r e s s u r e  a l t i t u d e ,  m and km 
i n f r a r e d  
l i n e a r i z e d  Kalman f i l t e r  
f ree-s tream Mach number 
i n d i c a t e d  Mach number 
pulse-code modulation 
s t a t i c  p r e s s u r e ,  N / c m 2 ;  r o l l  rate, deg/sec 
p r e s s u r e  measured a t  i t h  o r i f i c e ,  N / c m 2  
s t a g n a t i o n  pressure, N / c m 2  
p r e s s u r e s  measured a t  o r i f ices  3 t o  7 on nose cap, N / c m 2  
p r e s s u r e s  measured a t  nose s e c t i o n  o r i f i c e s  12 t o  27, N/cm2 
p i t c h  rate , deg/sec 
- 
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c 
P 
dynamic p r e s s u r e  , N/cm2 
g a s  c o n s t a n t  f o r  a i r  
yaw rate, deg/sec 
s h u t t l e  e n t r y  a i r  d a t a  system 
ambient tempera ture ,  OC 
t i m e  , sec 
t r u e  v e l o c i t y ,  kno t s  
wind d i r e c t i o n  ( d i r e c t i o n  from which wind is  b lowing) ,  deg 
windspeed, kno t s  
v e r t i c a l  windspeed, kno t s  
geometr ic  a l t i t u d e ,  m 
a n g l e  of at tack, deg 
a n g l e  of s i d e s l i p ,  deg 
d i f f e r e n t i a l  p r e s s u r e  parameter used f o r  angle-of -a t tack  d e t e r -  
mina t ion  , N / c m 2  
d i f f e r e n t i a l  p r e s s u r e  parameter used f o r  a n g l e - o f - s i d e s l i p  deter- 
mina t ion ,  N / c m 2  
change i n  computed p r e s s u r e  a l t i t u d e  due to  change i n  ambient pres- 
s u r e ,  m 
M - M i ,  Mach number c o r r e c t i o n  f o r  static-pressure p o s i t i o n  error; 
change i n  computed Mach number caused by change i n  ambient p r e s s u r e  
change i n  computed t r u e  v e l o c i t y  due t o  change i n  ambient p r e s s u r e ,  
k n o t s  
f low a n g l e  wi th  respect t o  o r i f i c e ,  deg 
r o l l  a n g l e ,  deg 
l a t i t u d e  ang le  of nose cap o r i f i c e ,  5 = a - 8, deg 
d e n s i t y  of a i r ,  gm/cm3 
FADS P r e s s u r e  Parameters : 
AP11 angle-of -a t tack  parameter, nose cap, (p7 - p3)/G 
3 
AP12 
AP2 1 
AP31 
BP11 
BP12 
BP2 1 
BP31 
BP32 
pp22 
pp3 2 
PP3ALL 
PTP14 
PTP15 
PTP1 6 
angle-of-attack parameter, nose cap, (p6 - p3)/q 
- 
angle-of-attack parameter, s ta t ion  61 , ( P , ~  - p1 2)/q 
angle-of-attack parameter, s ta t ion  127 ,  (p20 - pl6)/; 
- 
angle-of-sideslip parameter, nose cap, (p8 - p l l ) / q  
angle-of-sideslip parameter, nose cap, (p9 - plo)/; 
angle-of-sideslip parameter, s ta t ion  61 , (pl - p1 3)/{ 
angle-of-sideslip parameter , s ta t ion  127 ,  (P22 - P18)/< 
angle-of-sideslip parameter, s ta t ion  127,  [(p,, + pZ3) - (p17 + p19 1 1/2? 
static-pressure performance parameter, s ta t ion  61 , (pl  + p14)/2p 
static-pressure performance parameter, s ta t ion  1 2 7 ,  (p16 + p20)/2p 
static-pressure performance parameter, s ta t ion  127,  (P16 + ... + 
P27 /12P 
stagnation pressure performance parameter, nose cap, p /p 
stagnation pressure performance parameter, nose cap, p /p 
stagnation pressure performance parameter, nose cap, p /p 
4 t  
5 t  
6 t  
Subscripts: 
i indicated 
I R  measurement from probe on infrared scanner pod 
m measured 
DESCRIPTION OF TEST AIRPLANE 
The F-14 is a variable-geometry fighter-type a i r c r a f t  ( f ig .  1 ) .  The particular 
airplane flown for  the FADS t e s t s  was specially equipped to  aid i n  a j o in t  NASA and 
4 
U.S. Navy f l i g h t  t e s t  demonst ra t ion  of new f l i g h t  c o n t r o l  t echn iques  ( r e f .  i o ) .  
The special equipment inc luded  a pair of deployable,  cana rd - l ike  s u r f a c e s  on t h e  
f u s e l a g e  forehody f o r  s p i n  recovery  ( f ig .  2).  Although the  canards  w e r e  c lo sed  
for  t h e  s u b j e c t  tests, t h e y  may have some e f f e c t  on t h e  upstream flow f i e l d  because 
t h e y  are n o t  f l u s h  wi th  t h e  airframe. In  a d d i t i o n ,  the  l e f t  s ide of t h e  f u s e l a g e  
forebody has a gun f a i r i n g  ( f i g .  2 )  that s i g n i f i c a n t l y  d i s r u p t s  the  normal f u s e l a g e  
con tour ,  whereas the  r i g h t  side has  none. This geometr ic  asymmetry may i n f l u e n c e  
some of t h e  pressure measurements. 
A modified hemispherical pneumatic probe ( f i g .  3 )  f o r  de t e rmin ing  a n g l e s  of 
a t t a c k  and s i d e s l i p  is u s u a l l y  i n s t a l l e d  on production a i r c ra f t  ( r e f .  1 1 ) .  The 
f l i g h t  test a i r p l a n e  w a s  o r i g i n a l l y  provided with a nose b o o m  ( f i g .  1 )  f o r  record- 
i n g  P i t o t - s t a t i c  p r e s s u r e  and flow-angle measurements. T h i s  nose boom w a s  removed 
f o r  t h e  i n s t a l l a t i o n  of t h e  FADS s e n s o r  nose cap t h a t  w a s  blended smoothly t o  t h e  
nose  contours  ( f i g .  4 ) .  I n  t h i s  way, i n  c o n t r a s t  t o  a probe i n s t a l l a t i o n ,  the FADS 
s e n s o r  w a s  an  i n t e g r a l  part of t h e  aerodynamic body of the a i r p l a n e .  
FLUSH A I R  DATA SYSTEMS 
The l o n g i t u d i n a l  a x i s  of t h e  nose cap ( f i g .  5) w a s  a l i g n e d  wi th  t h e  nose cone 
t h a t  w a s  can ted  down 5.0' w i th  respect t o  t h e  l o n g i t u d i n a l  f u s e l a g e  a x i s  of t h e  
a i r c r a f t .  Wing inc idence  w a s  0' r e l a t i v e  t o  the  f u s e l a g e  c e n t e r l i n e .  The cap w a s  
p o l i s h e d  t o  a s u r f a c e  roughness w i t h i n  0.81 pm. Eleven orifices, 0.079 cm i n  diam- 
eter,  were i n s t a l l e d  on t h e  s p h e r i c a l  s u r f a c e  of the nose cap. The o r i f i c e s  w e r e  
d r i l l e d  normal t o  t h e  s u r f a c e  and w e r e  arranged i n  a c ruc i form p a t t e r n  a long  t h e  
v e r t i c a l  and l o n g i t u d i n a l  body axes. O r i f i c e s  a long  the v e r t i c a l  a x i s  w e r e  p l aced  
a t  angu la r  increments  of 20'; those a long  t h e  h o r i z o n t a l  a x i s  w e r e  placed a t  inc re -  
ments of 30'. Because of the n e c e s s a r i l y  small s i z e  of t h e  s p h e r i c a l  p o r t i o n  of 
t h e  nose cap (8.38-cm d i a m e t e r ) ,  t h e  number of the o r i f i c e s  and t h e  s i z e  of t h e  
connec t ing  pneumatic l i n e s  (0.079-cm diameter) were restricted. The cruc i form 
arrangement of the orifices w a s  s imi la r  t o  those of the 14 SEADS nose cap ori- 
f i c e s  ( r e f .  4 )  and t h e  18 o r i f i c e s  mounted on t h e  nose s e c t i o n  of the KC-135 
a i r p l a n e  ( r e f .  5). 
The FADS p r e s s u r e  o r i f i c e s  on t h e  nose s e c t i o n  are shown i n  f i g u r e  6. These 
0.318-cm-diameter o r i f i c e s  are l o c a t e d  i n  two rows around the f u s e l a g e  - a r o w  of 
4 o r i f i c e s  evenly  spaced 61 .O c m  a f t  of t h e  nose apex and a n o t h e r  row of 12  o r i -  
f i c e s  127.0 cm a f t  of the nose apex. (These d i s t a n c e s  are referred to  as t h e  sta- 
t i o n  va lues ,  t h a t  is, s t a t i o n s  61 and 127.) The s l o p e  of t h e  nose s e c t i o n  r e l a t i v e  
t o  t h e  nose cap apex changed from a nominal 60' a t  the base of t h e  nose cap t o  71' 
1 a t  s t a t i o n  61 and 77' a t  s t a t i o n  127. Nominal diameters of t h e  nose s e c t i o n  are 
' 52 c m  a t  s t a t i o n  61 f o r  o r i f i c e s  12 and 14 and 90 c m  a t  s t a t i o n  127 f o r  o r i f i c e s  16 
and 20. Because of the s l i g h t l y  n o n c i r c u l a r  c r o s s - s e c t i o n a l  shape  of the nose sec- 
' t i o n ,  the diameters a p p l i c a b l e  t o  i n d i v i d u a l  o r i f i c e s  may d i f f e r  by 2 or 3 p e r c e n t  
from t h e  nominal va lues .  
These nose s e c t i o n  orifices were inc luded  i n  t h e  FADS test f o r  t w o  purposes:  
( 1 )  t o  f i n d  one o r i f i c e  o r  a combination of o r i f i c e s  that  could  p rov ide  a static- 
p r e s s u r e  sou rce  f o r  a c c u r a t e  c a l i b r a t i o n  and ( 2 )  t o  de te rmine  whether the use  of 
o t h e r  nose s e c t i o n  orifices would be possible f o r  a c c u r a t e  flow-angle measurements 
i f  o r i f i c e  l o c a t i o n s  on the nose cap were n o t  a v a i l a b l e .  Such a FADS might be used 
5 
e i t h e r  as an independent system or i n  conjunct ion  wi th  a t o t a l - p r e s s u r e  probe. 
F i g u r e  7 shows a n  i n t e r n a l  view of the p r e s s u r e  l i n e s ,  which v a r i e d  i n  l e n g t h  
from 1 t o  3 m. They were made as s h o r t  as practical  and hence w e r e  n o t  s i z e d  t o  
e q u a l i z e  pneumatic lag.  
REFERENCE MEASUREMENTS 
Reference measurements for  t h e  FADS tests w e r e  s u p p l i e d  by a P i t o t - s t a t i c  
probe equipped wi th  flow-angle vanes ( f i g .  2 )  The probe, which w a s  a s t a n d a r d  
NASA conf igura t ion  ( f i g .  8 and r e f .  1 2 ) ,  w a s  mounted on t h e  i n f r a r e d  ( I R )  s c a n n e r  
pod and is  r e f e r r e d  t o  as t h e  I R  r e f e r e n c e  probe. 
P o s i t i o n  error c o r r e c t i o n s  were obta ined  f o r  t h e  I R  r e f e r e n c e  probe wi th  
t h e  F-14 test nose boom i n  p l a c e  ( f i g .  1 )  b e f o r e  i n s t a l l a t i o n  of  t h e  FADS. The 
nose boom probe a l s o  had a s t a n d a r d  NASA s t a t i c - p r e s s u r e  o r i f ice  c o n f i g u r a t i o n .  
Measurements from t h e  I R  r e f e r e n c e  probe f o r  a n g l e s  of a t t a c k  and s i d e s l i p  w e r e  
calibrated using t h e  c o r r e c t e d  vane measurements from t h e  nose boom. The pi tot-  
static-pressure measurements from t h e  I R  r e f e r e n c e  probe and t h e  nose boom probe 
w e r e  c a l i b r a t e d  by procedures  o u t l i n e d  i n  appendix A. These procedures  used 
pacer a i r c r a f t  and r a d a r  measurements. C a l i b r a t i o n  curves  are a l so  presented  
i n  appendix A. 
The p o s i t i o n  error c o r r e c t i o n s  of t h e  I R  r e f e r e n c e  probe w e r e  checked f o r  t h e  
e f f e c t s  of the nose boom removal d u r i n g  t h e  t w o  FADS tes t  f l i g h t s ,  u s i n g  t h e  tech-  
n i q u e s  o u t l i n e d  i n  appendix A. The c o r r e c t e d  s t a t i c - p r e s s u r e  measurements from 
t h e  r e f e r e n c e  system, as w e l l  as t h e  o t h e r  r e f e r e n c e  measurements, w e r e  v e r i f i e d  
by a t r a j e c t o r y  r e c o n s t r u c t i o n  technique  u s i n g  a l i n e a r i z e d  Kalman f i l t e r  (LKF). 
The technique combines d a t a  from several s o u r c e s  t o  achieve  a n  enhanced r e s u l t  
( re f .  13 ) .  These s o u r c e s  w e r e  onboard measurements, r a d a r  measurements, and upper 
a i r  meteoro logica l  ana lyses .  The onboard measurements inc luded  l i n e a r  accelera- 
t i o n s ;  p i t c h ,  roll,  and yaw rates; r o l l  a n g l e s ;  and a i r  d a t a .  The r a d a r  measure- 
ments provided i n e r t i a l  v e l o c i t y ,  a l t i t u d e ,  and heading. The upper a i r  meteor- 
o l o g i c a l  q u a n t i t i e s  from rawinsonde measurements provided va lues  of ambient  pres- 
sure  and temperature ,  as w e l l  as wind informat ion .  Required a t t i t u d e  ( E u l e r )  
a n g l e s ,  which w e r e  n o t  r e l i a b l y  measured on t h e  a i r c r a f t ,  w e r e  estimated (app. B) .  
A p p l i c a t i o n  of t h i s  t r a j e c t o r y  r e c o n s t r u c t i o n  technique  a lso provided independent  
r e f e r e n c e  values f o r  free-stream s t a t i c  p r e s s u r e  and a n g l e s  of a t t a c k  and s i d e s l i p .  
Appendix C d e s c r i b e s  the upper a i r  a n a l y s i s .  
INSTRUMENTATION 
Absolute force-balance p r e s s u r e  t r a n s d u c e r s  w e r e  used f o r  t h e  p i to t - s ta t ic -  
p r e s s u r e  measurements f o r  t h e  nose boom probe and t h e  I R  r e f e r e n c e  probe, as w e l l  
a s  for sensing p r e s s u r e s  from o r i f i c e s  4 and 22. Most of t h e  o t h e r  FADS p r e s s u r e s  
w e r e  determined wi th  t h e  a i d  of d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s  t h a t  measured t h e  
d i f f e r e n c e  between t h e  p r e s s u r e  sensed a t  t h e  par t icular  or i f ice  and t h a t  a t  e i t h e r  
o r i f i ce  4 or 22. ( O r i f i c e  4 w a s  used as t h e  r e f e r e n c e  o r i f i c e  for  t h e  FADS nose 
cap or i f ices  1 t o  11; o r i f i c e  22 w a s  used as t h e  r e f e r e n c e  f o r  t h e  nose s e c t i o n  or i -  
f ices 12 t o  27.) A d i f f e r e n t i a l  p r e s s u r e  f o r  these p a r t i c u l a r  o r i f i c e s  w a s  then  
added to  t h e  a b s o l u t e  pressure measured for t h e  a p p r o p r i a t e  o r i f i c e  (4 or 22). Only 
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d i f f e r e n t i a l  p r e s s u r e  measurements w e r e  obtained f o r  or i f ices  8 and 11 and for  ori- 
f ices 9 and 10; these w e r e  p - p l l  and pg - pl0,  r e s p e c t i v e l y .  Ins t rumenta t ion  
problems prec luded  o b t a i n i n g  meaningful pressure  measurements from o r i f i c e s  1 and 2 
( t h e  t w o  uppermost o r i f i c e s  on t h e  nose cap). 
A th ree-axis  accelerometer mounted near  the a i r c r a f t  c e n t e r  of g r a v i t y  measured 
t h e  l i n e a r  a c c e l e r a t i o n s .  R a t e  gyros  measured pi tch,  r o l l ,  and yaw rates. 
The i n s t r u m e n t  measurement u n c e r t a i n t i e s  and t h e  r e s o l u t i o n s  of t h e  perti- 
n e n t  onboard recorded measurements are l i s t e d  i n  table 1 .  The FADS p r e s s u r e  
u n c e r t a i n t i e s  for  o r i f i c e s  u s i n g  a r e f e r e n c e  t r a n s d u c e r  w e r e  ob ta ined  by adding 
t h e  u n c e r t a i n t i e s  of t h a t  t r a n s d u c e r  and those of the d i f f e r e n t i a l  t ransducer .  
U n c e r t a i n t i e s  are based on t h e  l a r g e s t  d e v i a t i o n s  i n  ins t rument  c a l i b r a t i o n  data 
of p a r t i c u l a r  t y p e s  of t r a n s d u c e r s  used i n  the tests. 
D a t a  w e r e  recorded u s i n g  a 10-bi t  pulse-code modulation (PCM) d a t a  record ing  
system. The data w e r e  telemetered t o  the ground s t a t i o n  and w e r e  a lso recorded on 
magnet ic  tape on board t h e  a i r p l a n e .  
FLIGHT TESTS 
Table 2 p r e s e n t s  t h e  tes t  p o i n t s  obtained from t h e  t w o  f l i g h t s  used fo r  
FADS t e s t i n g .  Maneuvers flown for  t h e  FADS e v a l u a t i o n  w e r e  ( 1 )  a c c e l e r a t i o n -  
d e c e l e r a t i o n s  a t  n e a r l y  c o n s t a n t  a l t i t u d e s  f o r  i n v e s t i g a t i o n  of Mach number 
e f f e c t s ,  ( 2  spl i t -S and descending t u r n s  for i n v e s t i g a t i o n  of angle-of - a t t a c k  
effects, and ( 3 )  rudder-induced sideslips. I n  a d d i t i o n ,  c o n s t a n t  a l t i t u d e  and 
Mach number runs w e r e  made for  checking the s t a t i c - p r e s s u r e  c a l i b r a t i o n s  of the 
r e f e r e n c e  a i r  data system. Pacer  c a l i b r a t i o n  and "survey" data were obta ined  
d u r i n g  these runs,  as expla ined  i n  appendix A. 
The fo l lowing  ranges i n  t h e  tes t  v a r i a b l e s  w e r e  obtained:  M = 0.60 t o  1.60, 
a = -2.0° t o  26.0°, 6 = -9.0° t o  l l . O O ,  and Reynolds number/m = 3 .3  x lo6 t o  
1.8 X lo7. High f l o w  a n g l e s  a t  h igh  t r a n s o n i c  sp.eeds w e r e  l i m i t e d .  The data 
base provided by these maneuvers, a l though inadequate  for  complete c a l i b r a t i o n s ,  
allowed a comprehensive e v a l u a t i o n  of FADS s u i t a b i l i t y  over much of the f l i g h t  
envelope of t h e  a i r p l a n e .  
DATA ANALYSIS CRITERIA 
The FADS p r e s s u r e  measurements w e r e  i n v e s t i g a t e d  t o  f i n d  a minimum or almost 
minimum set  of p r e s s u r e  orifices that provided measurements from which a l l  conven- 
t i o n a l  a i r  data q u a n t i t i e s  could be a c c u r a t e l y  d e r i v e d  f o r  t h e  F-14 c o n f i g u r a t i o n .  
T h i s  approach w a s  similar t o  convent iona l  a i r  data measurement systems b u t  w a s  i n  
c o n t r a s t  to  t h e  more elaborate procedure used to  d e r i v e  a i r  data q u a n t i t i e s  u s i n g  
t h e  SEADS a lgor i thms.  ( I n  t h e  l a t t e r  case, instead of u s i n g  the minimum or almost 
minimum set  of o r i f i c e s ,  a l l  available o r i f i c e s  w e r e  used t o  o b t a i n  s t a t i s t i ca l  
d e r i v a t i o n s  of t h e  state variables. ) 
The SEADS approach is  accomplished w i t h  the aid of a mathematical  model based 
on modified Newtonian f l o w  and e m p i r i c a l  cons tan ts  e s t a b l i s h e d  from wind-tunnel 
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RESULTS AND DISCUSSION 
Confirmation of Reference Condi t ions  
The primary c a l i b r a t i o n  d a t a  f o r  t h e  p o s i t i o n  e r r o r  of t h e  I R  r e f e r e n c e  
w e r e  ob ta ined  wi th  t h e  t e s t  nose boom i n s t a l l e d  d u r i n g  f l i g h t s  p r i o r  to  t h e  
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probe 
FADS 
tests ( r e f .  6). Such a method is  advantageous because it s i g n i f i c a n t l y  reduces 
t h e  r i s k  of decreased accuracy, or even the loss of the a s s o c i a t e d  parameter, i n  
t h e  even t  of the loss of any of the minimum set  of p r e s s u r e  o r i f i c e s .  The SEADS 
p r e s s u r e  model c a n  t o l e r a t e  t h e  loss of s e v e r a l  measurements b e f o r e  t h e  accu racy  
of any parameter is s u b s t a n t i a l l y  degraded. For t h e  s h u t t l e  case, t h i s  w a s  par- 
t i c u l a r l y  important because of t h e  p o t e n t i a l  f o r  damage i n  a s e v e r e  o p e r a t i n g  
environment. The SEADS t e s t i n g  r o u t i n e  rejects p r e s s u r e  measurements t h a t  are 
obv ious ly  contaminated. 
The pressure measurements r e p o r t e d  i n  t h i s  document w e r e  f i r s t  examined f o r  
appropr i a t eness  i n  de te rmining  s t a t i c  p r e s s u r e  p, s t a g n a t i o n  p r e s s u r e  p a n g l e  
of  a t t a c k ,  and a n g l e  of s i d e s l i p  t o  assess t h e  g e n e r a l  a p p l i c a b i l i t y  of t h e  FADS. 
(These are the q u a n t i t i e s  u s u a l l y  determined from a conven t iona l  P i t o t - s t a t i c  a i r  
d a t a  system.) A d d i t i o n a l l y ,  t h e  de t e rmina t ion  of Mach number by nose cap p r e s s u r e  
parameters was also i n v e s t i g a t e d ,  The p a r t i c u l a r  a i r  d a t a  parameters  i n v e s t i g a t e d  
w e r e  c o n s i s t e n t  w i th  those  s t u d i e d  i n  t h e  FADS program f o r  t h e  KC-I35 a i r p l a n e  
( ref .  5 ) .  
t, 
To select optimum o r i f i c e s  f o r  de t e rmin ing  t h e  v a r i o u s  a i r  data q u a n t i t i e s ,  
t i m e  h i s t o r i e s  of the FADS pressure parameters w e r e  f i r s t  i n v e s t i g a t e d  t o  s t u d y  
t h e i r  behavior r e l a t i v e  t o  Mach number and f low ang les .  Combinations of o r i f i c e s  
w e r e  s e l e c t e d  from both  t h e  nose cap and nose s e c t i o n  a r r a y s .  The p a r t i c u l a r  o r i -  
f i c e s  s e l e c t e d  f o r  d i r e c t  de t e rmina t ion  of s t a g n a t i o n  p r e s s u r e  and s t a t i c  p r e s s u r e  
w e r e  t h o s e  t h a t  provided measurements l eas t  s e n s i t i v e  t o  Mach number and flow angle .  
The c r i te r ia  used f o r  t h e  s e l e c t i o n  of par t icu lar  FADS parameters  w e r e  as fo l lows:  
( 1 )  parameter s e n s i t i v i t y  t o  t h e  a i r  d a t a  q u a n t i t y  t o  be d e r i v e d  and parameter 
i n s e n s i t i v i t y  t o  o t h e r  q u a n t i t i e s ,  (2) r e p e a t a b i l i t y  and accuracy ,  and ( 3 )  s i m -  
p l i c i t y  of f u n c t i o n a l  r e l a t i o n s h i p s .  
Data p l o t s  p re sen ted  i n  t h i s  r e p o r t  are f o r  measurements from s e l e c t e d  o r i -  
f i c e s .  The q u a n t i t i e s  p l o t t e d  f o r  e v a l u a t i o n  of s t a g n a t i o n  p r e s s u r e  and s t a t i c  
pressure are simply the ratios of t h e  measured FADS p r e s s u r e  ( o r  average  FADS 
pressure) t o  r e fe rence  s t a g n a t i o n  p r e s s u r e  and s t a t i c  p r e s s u r e ,  r e s p e c t i v e l y .  
Angle-of-attack and a n g l e - o f - s i d e s l i p  parameters  are simply t h e  r a t i o s  of the 
d i f f e r e n c e  of two FADS p r e s s u r e s  (or t h e  d i f f e r e n c e  between averaged p r e s s u r e s )  
and dynamic pressure .  These parameters w e r e  a l so  used f o r  t h e  FADS program f o r  
t h e  KC-135 a i r p l a n e  ( r e f .  5). The Mach number parameters i n v e s t i g a t e d  are t h e  
r a t i o s  of pairs of FADS p r e s s u r e  measurements from t h e  nose cap. 
The FADS d a t a  curves  are on ly  f o r  e v a l u a t i o n  of t h e  a p p r o p r i a t e n e s s  of 
FADS parameters a t  t r a n s o n i c  speeds  and a t  moderately h igh  flow angles .  They 
are n o t  in tended  to  be a p p l i c a b l e  as c a l i b r a t i o n  curves .  A f t e r  c a l i b r a t i o n  
cu rves  are e s t a b l i s h e d  f o r  such a system, v a r i o u s  d a t a  r e d u c t i o n  schemes are 
a v a i l a b l e  ( r e f s .  14 t o  1 7 ) .  
f l i g h t s .  
of the nose boom, a d d i t i o n a l  c a l i b r a t i o n  da ta  w e r e  ob ta ined  du r ing  the FADS t e s t i n g .  
To d e f i n e  any s i g n i f i c a n t  changes i n  the  p o s i t i o n  e r r o r  wi th  t h e  removal 
Represen ta t ive  s t a t i c - p r e s s u r e  p o s i t i o n  e r r o r  d a t a  f o r  t h e  I R  r e fe rence  probe 
wi th  the nose boom removed are shown i n  f i g u r e  9. The q u a n t i t y  A M  i n  f i g u r e  9 w a s  
the Mach number c o r r e c t i o n  f o r  s t a t i c - p r e s s u r e  p o s i t i o n  e r r o r .  The c a l i b r a t i o n  
cu rve  ( s o l i d  l i n e )  w a s  genera ted  from data obtained wi th  t h e  nose boom i n s t a l l e d .  
Data ob ta ined  wi th  the nose boom removed a r e  shown f o r  three methods of a n a l y s i s :  
t h e  radar method, t h e  pacer  method, and the LKF r e c o n s t r u c t i o n  method. The LKF 
measurements were taken a t  the same t i m e  as the  pacer measurements. The d a t a  from 
t h e  t h r e e  methods, a l though showing some c o n s i s t e n t  d i f f e r e n c e s ,  a g r e e  wi th in  fO.O1 
of the  c a l i b r a t i o n  curve.  Some d i f f e r e n c e s  between the  measured d a t a  and t h e  cali- 
b r a t i o n  curve can be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  a n g l e s  of a t t a c k  f o r  which 
t h e  d a t a  were taken.  For the purposes of t h i s  r e p o r t ,  t h e  data s u b s t a n t i a l l y  con- 
f i rmed t h e  c a l i b r a t i o n  curve.  
F u r t h e r  conf i rmat ion  of t h e  s t a t i c - p r e s s u r e  c a l i b r a t i o n  curve,  as w e l l  as t h e  
o t h e r  r e f e r e n c e  c a l i b r a t i o n  data, w a s  obtained from t h e  comparison p l o t s  shown i n  
f i g u r e  10. These p l o t s  p rov ide  t y p i c a l  t ime h i s t o r i e s  of q u a n t i t i e s  ob ta ined  from 
t h e  LKF r e c o n s t r u c t i o n ,  t h e  f u l l y  c o r r e c t e d  I R  r e fe rence  probe d a t a ,  and t h e  upper 
a i r  wind va lues  obta ined  by a n a l y s i s  of rawinsonde data. The t i m e  h i s t o r i e s  
i nc luded  a spli t-S maneuver and a maneuver t h a t  r e s u l t e d  i n  e l e v a t e d  ang le s  of 
a t t a c k  and s i d e s l i p .  A p u l l u p  maneuver began a t  135 sec, t h e  s p l i t - S  maneuver 
began a t  165 sec, and t h e  manuever f o r  combined ang le s  of a t t a c k  and s idesl ip  
began a t  310 sec. 
The d i f f e r e n c e  i n  s i d e s l i p  a n g l e  i n d i c a t e d  i n  f i g u r e  l O ( d )  changed s i g n  du r ing  
execu t ion  of t h e  s p l i t - S  maneuver. This  change occurred  when t h e  a i r p l a n e  heading  
changed by 180° and hence w a s  p r i m a r i l y  due t o  a d i sc repancy  between t h e  LKF-derived 
l a te ra l  components of t h e  wind and t h e  a c t u a l  va lues .  The LKF s i d e s l i p  va lues  w e r e  
s e n s i t i v e  t o  the lateral  v e l o c i t y  and t h e  heading angle .  Some b i a s  e r r o r  e x i s t e d  
i n  t h e  r econs t ruc t ed  heading angle .  F igures  lO(g )  and 1 0 ( h )  show t h a t  t h e  wind- 
speed W S  d i f f e r e n c e  w a s  as l a r g e  as 9 k n o t s  and t h e  wind d i r e c t i o n  WD d i f f e r e n c e  
w a s  on t h e  o r d e r  of l o0 .  A s  noted i n  appendix C, a s i g n i f i c a n t  par t  of t h e  d i f -  
f e r e n c e s  i n  windspeed and wind d i r e c t i o n  may r e s u l t  from u n c e r t a i n t i e s  due t o  
measurement e r r o r  and atmospheric  v a r i a b i l i t y .  
Evidence of LKF errors dur ing  the h igh ly  dynamic maneuvers w a s  demonstrated 
by t h e  l a r g e  LKF v e r t i c a l  windspeed va lues  during t h e s e  maneuvers, as p l o t t e d  i n  
f i g u r e  1 0 ( f ) ;  lower va lues  r e s u l t e d  a t  o t h e r  t i m e s .  O f  cou r se ,  v e r t i c a l  windspeed 
measurements were n o t  determined from rawinsonde measurements and were normally,  as 
f o r  t h i s  f l i g h t ,  assumed to  be close to  zero.  I n  g e n e r a l ,  however, t h e  d i f f e r e n c e s  
between t h e  LKF and t h e  I R  r e f e r e n c e  probe curves w e r e  r e l a t i v e l y  small. 
The mean d i f f e r e n c e s  between t h e  LKF and t h e  I R  r e f e r e n c e  probe va lues  w e r e  as 
fo l lows:  Mach, fO.01; p r e s s u r e  a l t i t u d e  hp, a6 m; dynamic p r e s s u r e  i, f0.048 
N/Cm2; a, f0.5O; and 6, f l . O O .  These d i f f e r e n c e s  w e r e  cons idered  to  r e p r e s e n t  
t h e  u n c e r t a i n t y  i n  t h e  o r i g i n a l  a i r  data c a l i b r a t i o n  curve  f o r  a p p l i c a t i o n  t o  
t h e  FADS s tudy.  
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Data Examination 
C h a r a c t e r i s t i c s  and v a r i a t i o n s  of t h e  FADS pressures and d e r i v e d  q u a n t i t i e s ,  
e s p e c i a l l y  those a s s o c i a t e d  wi th  t h e  nose cap measurements, are d i s c u s s e d  here .  
F i r s t ,  several test  maneuver t i m e  h i s t o r i e s  of FADS p r e s s u r e s  are g iven  a c u r s o r y  
examinat ion f o r  a p p l i c a b i l i t y  t o  a i r  d a t a  de te rmina t ion .  Second, the nose cap 
p r e s s u r e s  from a t r a n s o n i c  a c c e l e r a t i o n  are p r e s e n t e d  t o  show that they  d i d  n o t  
d i s p l a y  a Mach d i s c o n t i n u i t y ,  as would be t h e  case f o r  a nose-mounted P i t o t - s t a t i c  
probe. F i n a l l y ,  t h e  nose cap pressure d i s t r i b u t i o n s  measured from o r i f i c e s  i n  t h e  
v e r t i c a l  p lane  are compared wi th  t h e o r e t i c a l  v a l u e s  f o r  various Mach numbers and 
a n g l e s  of a t t ack .  A s imilar  comparison is n o t  p r e s e n t e d  fo r  t h e  o r i f ices  down- 
stream of t h e  nose cap, because the more complex f low f i e l d  w a s  n o t  modeled. 
T y p i c a l  time h i s t o r y .  - F i g u r e  1 1  shows a 280-sec t i m e  h i s t o r y  of FADS p r e s s u r e s  
and r e f e r e n c e  a i r  d a t a  va lues  d u r i n g  which an a c c e l e r a t i o n ,  a s ides l ip  maneuver, and 
a s p l i t - S  maneuver w e r e  performed. A s  shown i n  f i g u r e  l l ( a ) ,  M = 0.67 t o  1.32; as 
shown i n  f i g u r e  1 l ( b ) ,  hp = 11.7 t o  12.9 km. A s  shown i n  f i g u r e s  l l ( c )  and l l ( d ) ,  
r e s p e c t i v e l y ,  maximums of B = 5.0° and a = 10.Oo were reached a t  s u p e r s o n i c  speeds.  
Time h i s t o r i e s  such as t h o s e  provided i n  f i g u r e  11 q u i c k l y  i n d i c a t e d  which 
pressures were most u s e f u l  f o r  d e t e r m i n a t i o n  of some a i r  d a t a  q u a n t i t i e s .  For 
example, p showed t h e  most s e n s i t i v i t y  t o  a n g l e  of a t t a c k ;  see f i g u r e  1 1  (j ) for  
v a l u e s  near  240 sec. 
- p l l  and p - pl0  i n  f i g u r e s  1 1 ( 1 )  de te rmina t ion .  Both d i f f e r e n t i a l  p r e s s u r e s  p 
and l l ( m ) ,  r e s p e c t i v e l y ,  appear s u i t a b l e  f o r  de te rmining  a n g l e  of s i d e s l i p  because 
of  t h e i r  l a r g e  v a r i a t i o n s  d u r i n g  t h e  s i d e s l i p  maneuver between 214 and 230 sec. The 
d e t e r m i n a t i o n  of Mach number, s t a g n a t i o n  pressure, and s t a t i c  p r e s s u r e  r e q u i r e s  
more d e t a i l e d  s t u d i e s  f o r  s e l e c t i o n  of appropriate o r i f i c e s  and is  d i s c u s s e d  i n  
t h e  Evaluat ion of FADS Sources  s ec t ion  of this report. 
-- 
6 
Hence, p6 could be a u s e f u l  measurement for  angle-of -a t tack  
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Nose cap p r e s s u r e s  a t  t r a n s o n i c  speeds.  - Figure  12 shows t i m e  h i s t o r i e s  of 
t h e  FADS p r e s s u r e s  measured from t h e  orifices on t h e  ver t ical  c e n t e r l i n e  of t h e  
nose  cap f o r  an a c c e l e r a t i o n  from M y 0.98 t o  1.04. I n  this t r a n s o n i c  range,  
s t a t i c - p r e s s u r e  measurements from nose-mounted probes are s u b j e c t  t o  p r e s s u r e  
or Mach d i s c o n t i n u i t i e s .  T h i s  is t r u e  even f o r  probes t h a t  are "compensated" 
t o  minimize errors a t  t h e s e  Mach numbers ( r e f .  18 ) .  However, such d i s c o n t i n u i -  
t i es  w e r e  n o t  e v i d e n t  from t h e  FADS p r e s s u r e s ,  which i n d i c a t e d  t h a t  t h e  bow wave 
w a s  detached from t h e  nose. C a l i b r a t i o n s  of s imi la r  f l u s h - o r i f i c e  nose i n s t a l -  
l a t i o n s  do not  have t o  account  for  such d i s c o n t i n u i t i e s  and consequent ly  offer  
iinproved accuracy. 
N o s e  cap p r e s s u r e  d i s t r i b u t i o n .  - S e v e r a l  t h e o r e t i c a l  and empirical approaches 
r e p o r t e d  i n  the  l i t e r a t u r e  w e r e  found t o  d e f i n e  t h e  p r e s s u r e  d i s t r i b u t i o n  on a 
sphere .  However, to  provide  a n  accurate a i r  d a t a  system, hemispher ica l  s e n s o r s  
must always be c a l i b r a t e d  (ref.  1 6 ) .  For example, t h e  a l g o r i t h m s  for  SEADS w e r e  
based on wind-tunnel d a t a  e m p i r i c a l l y  adapted t o  a mathematical  model based on 
modif ied Newtonian f low theory ,  which is most accurate a t  hypersonic  speeds. 
F i g u r e  1 3 ( a )  shows t h e  r a t io  of t h e  p r e s s u r e  measured a t  t h e  i t h  o r i f i c e  t o  
t h e  s t a g n a t i o n  p r e s s u r e  (pi/pt) as a f u n c t i o n  of l a t i t u d e  a n g l e  5 of t h e  nose cap, 
as p r e d i c t e d  by modified Newtonian f l o w  f o r  a s p h e r i c a l  body. Curves are shown for  
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M = 0.619, 0.908, and 1.250 f o r  comparison with f l i g h t  d a t a  obta ined  a t  a = 5.0'. 
~ l l  p r e d i c t e d  cu rves  had a maximum p r e s s u r e  r a t i o  of 1.0 a t  5 = 5.0°, t o  account  
f o r  t h e  nose cap be ing  canted  down 5.0° from t h e  mean aerodynamic chord of t h e  air-  
p lane .  Flight-determined pressure r a t i o  values w e r e  ob ta ined  f o r  a range of Mach 
numbers i n c l u d i n g  those  r e fe renced .  The da ta  agreed  f a i r l y  w e l l  w i th  t h e  cu rves  
f o r  Newtonian f low f o r  5 45.0'. Above 5 = 45.0°, t h e  t h e o r y  underpredic ted  t h e  
l e v e l  of t h e  measured p r e s s u r e s .  The d i s c r e p a n c i e s  inc reased  wi th  Mach number; 
however, qood c o r r e l a t i o n  w a s  n o t  expec ted  fo r  t h e  h ighe r  a n g l e s  because o r i f i c e  7 
w a s  close to t h e  p o i n t  a t  which t h e  s e n s o r  su r face  w a s  n o t  s p h e r i c a l  ( f i g .  5 ) .  
F igu re  1 3 ( b )  shows f l i g h t  d a t a  va lues  of pi/pt p l o t t e d  wi th  l a t i t u d e  angle .  
These d a t a  are f o r  f i v e  a n g l e s  of attack i n  approximate ly  5 O  increments.  The 
r a t i o  of p . /p  w a s  expected t o  be 1.0 when 5 = a ( t h a t  i s ,  flow ang le  8 = OO). 
This  appeared t o  be t r u e  f o r  t h e  curves  f o r  t h e  two lower a n g l e s  of a t t a c k .  How- 
e v e r ,  t h e  maximum s h i f t e d  t o  h i g h e r  l a t i t u d e  a n g l e s  f o r  a = 15.0° o r  more. The 
s h i f t ,  which became more pronounced as l a t i t u d e  a n g l e  i n c r e a s e d ,  may be a t t r i b -  
u t a b l e  t o  upwash and p o s s i b l e  v i scous  e f f e c t s  . 
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S t a g n a t i o n  p res su re .  - Only o r i f i c e s  on t h e  v e r t i c a l  c e n t e r l i n e  of t h e  nose cap 
w e r e  cons ide red  ( s p e c i f i c a l l y ,  o r i f i c e s  4 t o  6 )  f o r  t h e  de t e rmina t ion  of s t a g n a t i o n  
p r e s s u r e .  The measurements from t h e s e  o r i f i c e s  w e r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 
s i d e s l i p  d u r i n g  nonmaneuvering f l i g h t  and w e r e  expected to  provide  p r e s s u r e s  nea r  
v a l u e s  of s t a g n a t i o n  p r e s s u r e  f o r  l i m i t e d  ranges of a n g l e  of  a t t a c k .  F igure  14 
shows t h e  s t a g n a t i o n  p r e s s u r e  parameter PTP a s  a f u n c t i o n  of Mach f o r  one 
a c c e l e r a t i o n - d e c e l e r a t i o n  test  f l i g h t  from o = 0' t o  5.9O. For o r i f i c e  4, PTPlq 
w a s  very  i n s e n s i t i v e  to Mach f o r  t h i s  angle-of -a t tack  range ,  e s p e c i a l l y  i n  compar- 
i s o n  to  the o t h e r  two parameters. This  w a s  t o  be expec ted  because f o r  o r i f i c e  4 
throughout  t h i s  test ,  8 < 6O. 
V a r i a t i o n s  of t h e s e  pressure r a t i o s  wi th  angle  of a t t a c k  are shown i n  f i g u r e  15 
f o r  t h r e e  d i f f e r e n t  Mach ranges .  F igure  1 5 ( a )  shows d a t a  f o r  two t e s t  f l i g h t s  from 
M = 0.57 to  0.68. Parameter PTP14 i n d i c a t e d  l i t t l e  s e n s i t i v i t y  up  to  a = 10.Oo, 
a g a i n  because of t h e  r e l a t i v e l y  s m a l l  f low angle f o r  o r i f i c e  4. Parameter PTP15 
had a maximum va lue  and less s e n s i t i v i t y  near a = 15.0°. The q u a n t i t y  a s s o c i a t e d  
w i t h  t h e  o r i f i c e  t h a t  had t h e  l a r g e s t  l a t i t u d e  a n g l e ,  PTP16, e x h i b i t e d  less s e n s i -  
t i v i t y  nea r  a = 26.0'. These r e s u l t s  i l l u s t r a t e d  t h a t  f o r  cases i n  which angle-of- 
a t t a c k  c o r r e c t i o n s  are n o t  practical ,  o r i f i c e s  could  be s e l e c t e d  f o r  t h e  d i r e c t  
measurement of s t a g n a t i o n  pressure wi th  angle-of-attack v a r i a t i o n s  producing on ly  
s m a l l  e r r o r s .  
Large sca t te r  i n  the f i g u r e  1 5 ( b )  d a t a  from M = 0.87 to  0.92 w a s  a t t r i b u t e d  
t o  two sources :  ( 1 )  as noted i n  f i g u r e  14, when flow a n g l e  w a s  l a r g e ,  t h e  pres- 
s u r e  r a t i o s  w e r e  s i g n i f i c a n t l y  a f f e c t e d  by Mach; and ( 2 )  t h e  d a t a  were a f f e c t e d  
by pneumatic lag t h a t  r e s u l t e d  from s m a l l  o r i f i c e s ,  r e l a t i v e l y  s m a l l  d iameter  pres -  
s u r e  l i n e s ,  and h igh  angle-of -a t tack  rates. S i g n i f i c a n t  lag w a s  a l s o  r e p o r t e d  f o r  
a hemisphe r i ca l  probe system i n  r e f e r e n c e  19. Some d a t a  i n  f i g u r e s  1 5 ( b )  and ( c )  
w e r e  ob ta ined  a t  d e c r e a s i n g  angle-of -a t tack  rates as h igh  as 18 deg/sec. R a t e s  f o r  
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i n c r e a s i n g  angle of a t t a c k ,  a t  r e l a t i v e l y  c o n s t a n t  Mach, w e r e  cons ide rab ly  less. 
Hence, on ly  these d a t a  were r e p r e s e n t a t i v e  f o r  i n d i c a t i n g  v a r i a t i o n s  of s t a g n a t i o n  
p r e s s u r e s  wi th  ang le  of  a t t a c k .  
V a r i a t i o n s  i n  PTP wi th  s i d e s l i p  are shown i n  f i g u r e  1 6 ( a )  f o r  M = 0.75 t o  0.80 
and i n  f i g u r e  16(b) f o r  M = 0.87 t o  0.92. Each of t h e  t h r e e  PTP r a t i o s  r e s u l t e d  
i n  abou t  a 3-percent v a r i a t i o n  over  t h e  s i d e s l i p  range  shown. V a r i a t i o n s  i n  PTP 
w i t h  ang le  of  s i d e s l i p  were expected t o  be small f o r  o r i f i c e s  4 t o  6. 
A well-designed p i t o t  probe has  an  advantage over  f l u s h - o r i f i c e  systems i n  t h a t  
it can be r a t h e r  i n s e n s i t i v e  t o  q u i t e  l a r g e  f low ang les  ( r e f .  20) .  However, i f  
f low ang les  a r e  n o t  too l a r g e ,  t h e  c o r r e c t i o n s  needed f o r  a f l u s h - o r i f i c e  system 
may be small, w e l l  de f ined ,  and c o r r e c t a b l e ,  as shown. 
S t a t i c  pressure .  - Unlike t h e  de t e rmina t ion  of s t a g n a t i o n  pressure, d i r e c t  
s t a t i c - p r e s s u r e  measurement w a s  no t  p r a c t i c a l  from any of t h e  nose cap o r i f i c e s ,  
because they  were not  pe rpend icu la r  t o  t h e  f low d i r e c t i o n  f o r  m o s t  f l i g h t  con- 
d i t i o n s .  Therefore ,  on ly  o r i f i c e s  downstream of t h e  nose cap were cons idered  
f o r  s ens ing  s t a t i c  p re s su re .  U s e  of f l u s h  s t a t i c  o r i f i c e s  i s  q u i t e  common, 
e s p e c i a l l y  on large a i r c r a f t .  However, t h e i r  use  on a i r c r a f t  a t  t r a n s o n i c  
speeds  and a t  high f low ang les  has  been l i m i t e d .  
The t h r e e  most promising r a t i o s  f o r  s t a t i c - p r e s s u r e  performance parameters PP 
w e r e  PP22, PP32, and PP~ALL. The p r e s s u r e s  used i n  de te rmining  t h e s e  parameters 
w e r e  measured i n d i v i d u a l l y .  For example, t h e  va lue  of PP22 w a s  ob ta ined  by aver- 
a g i n g  t h e  s t a t i c  pressures from o r i f i c e s  1 2  and 14 and d i v i d i n g  by t h e  f ree-s t ream 
s t a t i c  pressure ;  t h a t  is, (p12 + p14)/2p.  On an o p e r a t i o n a l  system, t h e  two o r i -  
f i c e s  could be manifolded t o  o b t a i n  a pneumatic average. 
F igure  17  p r e s e n t s  t h e  v a r i a t i o n s  i n  t h e  t h r e e  s e l e c t e d  r a t i o s  wi th  respect to  
Mach. The r a t i o  f o r  parameter PP22 had the  l a r g e s t  s e n s i t i v i t y  t o  Mach b u t  had a 
smooth, wel l -def ined v a r i a t i o n .  The o t h e r  r a t i o s  had smaller v a r i a t i o n s  wi th  Mach 
but  showed e f f e c t s  of more complex, and p o s s i b l y  shock-induced, f low f i e l d s .  
V a r i a t i o n s  of t he  p re s su re  ra t ios  wi th  ang le  of a t t a c k  f o r  M = 0.60, 0.90, and 
1.23 are shown i n  f i g u r e s  18(a)  t o  18(c) .  S c a t t e r  i n  t h e  d a t a  w a s  p r i m a r i l y  due 
t o  Mach v a r i a t i o n s .  An a t t empt  to  c o r r e c t  t h e  p r e s s u r e  ratios t o  c o n s t a n t  Mach 
by f a i r i n g  t h e  d a t a  from f i g u r e  17 w a s  n o t  very  s u c c e s s f u l ,  probably because t h e  
dependency of  the  r a t i o  on Mach v a r i e d  s u b s t a n t i a l l y  wi th  ang le  of a t t a c k .  
F igu res  1 8 ( a )  and 1 8 ( b )  f o r  t h e  two lower Mach va lues  show t h a t  PP22 had t h e  
smallest v a r i a t i o n  wi th  ang le  of a t t a c k  - less than  3 pe rcen t  from a = 2.0° t o  
26.0°. Performance parameter PP32 showed a much l a r g e r  v a r i a t i o n  than  PP22 b u t  
appeared to  be better than PP3ALL. A s  i n d i c a t e d  i n  f i g u r e  18(c) ,  a t  supersonic  
speeds ,  a l l  th ree  p re s su re  ratios w e r e  s e n s i t i v e  t o  a n g l e  of a t t a c k .  
V a r i a t i o n s  of t h e  s t a t i c - p r e s s u r e  r a t i o s  wi th  ang le  of s i d e s l i p  f o r  t w o  l i m i t e d  
Mach ranges  a re  shown i n  f i g u r e  19. A l l  t h e s e  v a r i a t i o n s  w e r e  small, had l i t t l e  
d a t a  scatter, and resembled v a r i a t i o n s  wi th  s i d e s l i p  exper ienced  i n  t h e  s t a g n a t i o n  
p r e s s u r e  r a t i o s .  
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The q u a l i t a t i v e  e v a l u a t i o n  f o r  t h e  f low angles  and Mach ranges  cons idered  i n  
t h i s  s t u d y  i n d i c a t e s  t h a t  the PP22 r a t i o  w a s  most s u i t a b l e  f o r  de te rmining  s t a t i c  
p res su re .  However, more i n t e n s i v e  e f f o r t  1s requ i r ed  f o r  a c c u r a t e  c a l i b r a t i o n  of 
t h e  s t a t i c  source  associated wi th  t h i s  parameter.  Such an e f f o r t  should inc lude  
wind- tunne 1 t e s t i n g  . 
Angle of a t t a c k .  - I n  f i g u r e  20, fou r  p re s su re  parameters AP f o r  de t e rmina t ion  
of  ang le  of a t t a c k  are p l o t t e d  wi th  a t t a c k  angle  f o r  M = 0.60, 0.90, and 1.23. 
Parameters  AP11 and AP12 corresponded to  pairs of  nose cap  o r i f i c e s  i n  t h e  v e r t i c a l  
p lane .  Parameter  AP21 used t h e  top and bottom nose s e c t i o n  o r i f i c e s  a t  s t a t i o n  61; 
parameter AP31 used s i m i l a r l y  l o c a t e d  o r i f i c e s  a t  s t a t i o n  127. To avoid  t h e  pneu- 
matic l a g  e f f e c t s  p r e v i o u s l y  mentioned, d a t a  a s s o c i a t e d  wi th  l a r g e  angle-of -a t tack  
rates w e r e  n o t  p l o t t e d  i n  f i g u r e  20. 
Past  s t u d i e s  ( r e f .  14 )  show t h a t  the r e l a t i o n s h i p  of these parameters t o  a n g l e  
of  at tack is  f a i r l y  l i n e a r  t o  r e l a t i v e l y  l a r g e  angles .  Most p l o t s  i n  f i g u r e  20 
showed good l i n e a r i t y ;  excep t ions  w e r e  those f o r  AP11 a t  low a n g l e s  and a l l  param- 
eters a t  supe r son ic  speeds.  A more important  c o n s i d e r a t i o n  f o r  de te rmining  ang le  
o f  a t t a c k ,  of  cour se ,  w a s  parameter s e n s i t i v i t y  t o  ang le  of at tack. A s  expec ted ,  
t h e  l a r g e s t  s e n s i t i v i t i e s  ( l a r g e s t  slopes) were f o r  the  nose cap parameters .  Sen- 
s i t i v i t y  decreased  f o r  parameters  measured a t  o r i f i c e s  located a t  g r e a t e r  d i s t a n c e s  
from the  nose cap. In  g e n e r a l ,  d a t a  scatter was r e l a t i v e l y  small. When the angle-  
of-attack parameters  w e r e  p l o t t e d  as  a func t ion  of  s i d e s l i p  a n g l e  ( f i g .  211,  a 
s l i g h t  dependency on s i d e s l i p  r e s u l t e d  f o r  a l l  the parameters .  
F igu re  22 shows t h e  v a r i a t i o n  of angle-of-at tack parameters  w i th  Mach f o r  a = 
O o ,  4.0°, and 8.0'. The parameters t h a t  had the l a r g e s t  angle-of -a t tack  s e n s i t i v -  
i t i es  were those  a s s o c i a t e d  wi th  t h e  nose cap. S e n s i t i v i t y  t o  Mach number depended 
on ang le  of a t t a c k  and changed s u b s t a n t i a l l y  a s  Mach inc reased  from approximately 
M = 1.10 t o  1.30. 
F igu re  23 shows angle-of -a t tack  s e n s i t i v i t y  of t h e  f o u r  parameters as a func- 
t i o n  of Mach. S e n s i t i v i t y  va lues  were obtained by t a k i n g  the d i f f e r e n c e s  of  t h e  
va lues  of t h e  parameters a t  t h e  extreme angle-of-at tack v a l u e s  of  f i g u r e  20 and 
d i v i d i n g  them by t h e  angle-of -a t tack  change. Although the nose c a p  parameters  
demonstrated t h e  h i g h e s t  s e n s i t i v i t y  to  angle  of at tack, t h e y  also had the l a r g -  
es t  s e n s i t i v i t y  to  Mach; AP12 had t h e  l a r g e s t  v a r i a t i o n .  From this i n v e s t i g a t i o n ,  
i t  appeared t h a t  t r a d e o f f s  must be made between parameter s e n s i t i v i t y  t o  a n g l e  of 
a t t a c k  and unwanted s e n s i t i v i t y  t o  Mach. 
A s  shown i n  f i g u r e  23, t h e  s e n s i t i v i t i e s  f o r  a s m a l l  hemisphe r i ca l  p robe  wi th  
o r i f i c e s  spaced 90' apart (ref.  2 1 )  agreed reasonably w e l l  w i th  those  for  APl l ,  f o r  
which the a s s o c i a t e d  o r i f i c e s  w e r e  spaced 80' a p a r t .  Cons iderable  care must be 
t aken  i n  t h e  t r a n s o n i c  r eg ion  f o r  adequate  c a l i b r a t i o n  of an angle-of -a t tack  sen- 
sor u t i l i z i n g  p r e s s u r e  orifices on a s p h e r i c a l  s u r f a c e .  Of course ,  such care i s  
necessa ry  f o r  any a i r  d a t a  sensor .  S e n s i t i v i t i e s  a s s o c i a t e d  wi th  t h e  o t h e r  ori- 
f i c e s  a f t  of t h e  nose cap were cons ide rab ly  l e s s  and w e r e  less than  t y p i c a l  sen- 
s i t i v i t i e s  f o r  va r ious  flow-angle s e n s o r s  used f o r  measurements i n  incompress ib l e  
f l o w  ( r e f .  16 ) .  
From t h i s  s tudy ,  it w a s  concluded t h a t  a n g l e  of a t t a c k  could  be determined 
from pairs of o r i f i c e s  l o c a t e d  on t h e  nose cap o r  a t  e i t h e r  of t h e  t w o  nose sec- 
t i o n  s t a t i o n s .  
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Angle of  s i d e s l i p .  - Figure  24 shows t h e  v a r i a t i o n s  of f i v e  p r e s s u r e  paran- 
eters BP w i t h  angle  of s i d e s l i p  f o r  d e t e r m i n a t i o n  of s i d e s l i p  a t  t w o  Mach va lues .  
Supersonic  da ta  w e r e  n o t  inc luded  because s i g n i f i c a n t  changes i n  s i d e s l i p  w e r e  n o t  
achieved during t h e  supersonic  t e s t i n g .  Very l i n e a r  r e l a t i o n s h i p s  w e r e  achieved 
f o r  a l l  parameters.  
F igure  25 shows t h e  parameter s e n s i t i v i t i e s  t o  s i d e s l i p  p l o t t e d  wi th  Mach. I t  
a l so  shows AP s e n s i t i v i t i e s  determined i n  t h i s  s tudy .  
w e r e  expected t o  be comparable to  parameters BP21 and BP31 because of s imi la r  or i -  
f i c e  spacing.  Indeed, as shown i n  f i g u r e  25, good agreement w a s  g e n e r a l l y  achieved 
f o r  t h e  analogous s e n s i t i v i t i e s .  Parameters  f o r  t h e  nose s e c t i o n  o r i f i c e s  were i n  
c losest  agreement. 
Parameters  AP21 and AP31 
Mach number. - If p r e s s u r e  measurements w e r e  r e s t r i c t e d  t o  t h e  nose cap, a 
static-pressure measurement would n o t  be a v a i l a b l e  f o r  Mach number de te rmina t ion .  
Simple pressure r a t i o s  from measurements on t h e  nose cap w e r e  i n v e s t i g a t e d  t o  d e t e r -  
mine Mach (refs. 3 and 5 ) .  The t w o  m o s t  promising ra t ios  for  this s t u d y ,  p /p and 
p3/p7, w e r e  p l o t t e d  wi th  Mach a t  l o w  a n g l e s  of a t t a c k  ( f i g .  26). 
p /p w a s  n o t  very s e n s i t i v e  t o  Mach between M = 0.70 and 1.10 and above M = 1.35. 
Hence, t h i s  pressure r a t i o  could n o t  provide  a n  a c c u r a t e  d e t e r m i n a t i o n  of Mach. 
The r a t io  p3/p7 had adequate  s e n s i t i v i t i e s  f o r  the e n t i r e  Mach number range shown 
i n  f i g u r e  26. I n  fac t ,  e x c e l l e n t  s e n s i t i v i t y  occurred  above Mach 1.10. (Above 
Mach 1.37, d a t a  w e r e  n o t  available because of t r a n s d u c e r  s a t u r a t i o n  f o r  t h e  p 
p r e s s u r e  measurement. 1 From t h e  angle-of-at tack e v a l u a t i o n ,  both ra t ios  were a l so  
found t o  be s e n s i t i v e  t o  a n g l e  of a t t a c k .  Hence, a n g l e  of a t t a c k  had t o  be accu- 
r a t e l y  determined b e f o r e  Mach could be a s c e r t a i n e d .  
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Unfor tuna te ly ,  i n s t r u m e n t a t i o n  problems precluded o b t a i n i n g  p r e s s u r e  measure- 
ments from o r i f i c e s  1 and 2. D a t a  i n  r e f e r e n c e  3 i n d i c a t e d  t h a t  t h e s e  p r e s s u r e  
measurements would provide  Mach parameters t h a t  were less s e n s i t i v e  t o  a n g l e  of  
a t t a c k  a t  t h e  h i g h e r  a t t a c k  angles .  
f o r e  be more a c c u r a t e  than  e i t h e r  raeio p /p 
Never the less ,  Mach de termina t ion  w a s  a t t a i n a b l e  w i t h  FADS even when good s ta t ic -  
p r e s s u r e  sources  were n o t  a v a i l a b l e .  
R a t i o s  such as p,/p, and p /p should there-  2 7  
o r  p3/p7 f o r  Mach de termina t ion .  
3. 6 
S e l e c t i o n  of FADS O r i f  ices 
S e v e r a l  combinations of o r i f i c e s  w e r e  a v a i l a b l e  f o r  p r o v i d i n g  means of a i r  data 
de termina t ion .  Table  3 lists t h e  best combinations of  o r i f i c e s ,  accord ing  t o  loca- 
t i o n ,  f o r  t h e  d e t e r m i n a t i o n  of t h e  a i r  d a t a  q u a n t i t i e s .  Table  3 ( l a s t  r o w  of table)  
a l s o  i n c l u d e s  the best o r i f ice  or combination of  o r i f i c e s ,  regardless of l o c a t i o n ,  
fo r  a l l  t h e  a i r  data measurements. S e l e c t i o n  of  t h e  o r i f i c e s  w a s  based on t h e  cri- 
ter ia  s t a t e d  i n  t h e  DATA ANALYSIS CRITERIA section of t h i s  report. 
For t h e  measurement of s t a g n a t i o n  p r e s s u r e  ( a t  least  i n  t h e  convent iona l  
s e n s e )  a t  moderate a n g l e s  of  a t t a c k ,  o n l y  or i f ice  4 i s  recommended. However, 
f o r  a > 25.0°, o r i f ices  5 and 6 would be b e t t e r  sources .  O r i f i c e  5 should be 
used f o r  in te rmedia te  a n g l e s ,  and o r i f i c e  6 f o r  h i g h e r  a n g l e s .  A d i r e c t  s tatic- 
p r e s s u r e  measurement w a s  n o t  a v a i l a b l e  on the nose cap; t h e  best source  f o r  t h i s  
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measurement w a s  provided by t h e  a r i t h m e t i c a l l y  averaged p r e s s u r e s  from t h e  top 
and bottom of the nose s e c t i o n  a t  s t a t i o n  61. Pneumatic manifolding of t h e  t w o  
orifices should  also achieve  t h e  same r e s u l t .  
Determinat ion of a n g l e  of a t t a c k  w a s  provided by p a i r s  of o r i f i c e s  l o c a t e d  on 
t h e  nose cap and a t  both s t a t i o n s  on the nose s e c t i o n .  The nose cap provided 
angle-of -a t tack  parameters wi th  the  l a r g e s t  s e n s i t i v i t i e s .  O r i f i c e  pair 3 and 7 
w a s  judged t h e  best  f o r  angle-of-at tack de termina t ion  on the  nose cap, a l though 
or i f ice  pair 3 and 6 w a s  a lso acceptable. Orifice pairs  f o r  the downstream loca- 
t i o n s  provided parameters w i t h  c o n s i d e r a b l y  l o w e r  s e n s i t i v i t i e s ,  b u t  wi th  s u i t a b l e  
accuracy  i f  proper r e s o l u t i o n  w a s  provided i n  s e n s i n g  t h e  p r e s s u r e s .  For example, 
i f  a 10-bit  PCM i n s t r u m e n t a t i o n  system w a s  requi red  to  provide  adequate  r e s o l u t i o n  
f o r  angle-of-at tack d e t e r m i n a t i o n  from o r i f i c e s  on t h e  nose cap, a 12-b i t  P C M  sys- 
t e m  w a s  s i m i l a r l y  r e q u i r e d  for  or i f ices  a t  s t a t i o n  127. T h i s  i s  because t h e  d i f -  
f e r e n t i a l  p r e s s u r e  measured between a pair  of o r i f i c e s  is d i r e c t l y  p r o p o r t i o n a l  to  
t h e  s e n s i t i v i t y  factor.  
A l l  l o c a t i o n s  had pairs of orifices t h a t  a d e q u a t e l y  provided the means for  
de te rmining  a n g l e  of s ides l ip  wi th  proper ins t rumenta t ion ;  the  nose cap provided 
the  optimum p r e s s u r e  s e n s i t i v i t y .  
The o n l y  p r e s s u r e  parameter found for Mach d e t e r m i n a t i o n  w a s  the r a t io  of pres- 
s u r e s  measured from or i f ice  pair 3 and 7 on t h e  nose cap; f i rs t ,  however, a n g l e  of 
a t t a c k  had t o  be a c c u r a t e l y  determined. U s e  of such a parameter r e s u l t e d  i n  reduced 
accuracy  a t  t r a n s o n i c  speeds ( r e f .  4 ) .  B e t t e r  accuracy  w a s  achieved i f  s t a t i c  pres- 
s u r e  w a s  measured on t h e  nose s e c t i o n  and combined with s t a g n a t i o n  p r e s s u r e  measured 
on the nose cap. If p r e s s u r e  measurements were confined to  t h e  nose cap, a d d i t i o n a l  
p r e s s u r e  ra t ios  determined from o r i f i c e  pair measurements could be made t o  t a k e  
advantage of s t a t i s t i ca l  means f o r  o b t a i n i n g  an enhanced r e s u l t .  
CONCLUDING REMARKS 
A f l i g h t  t es t  i n v e s t i g a t i o n  w a s  made t o  e v a l u a t e  a f l u s h  a i r  data system ( F A D S )  
w i t h  a l l  f l u s h  orifices for  use a t  t r a n s o n i c  speeds and a t  moderately h i g h  f l o w  
a n g l e s .  O r i f i c e s  w e r e  located i n  t h r e e  a r e a s  on an F-14 a i r p l a n e .  One group of  
o r i f i c e s  w a s  i n s t a l l e d  on the spherical s u r f a c e  of a s p e c i a l l y  c o n s t r u c t e d  nose 
cap t h a t  w a s  blended smoothly t o  the  contours  of the  a i r p l a n e  nose s e c t i o n .  O r i -  
f ices  w e r e  a lso i n s t a l l e d  a t  t w o  d i f f e r e n t  l o c a t i o n s  ( s t a t i o n s  61 and 127) on the  
nose s e c t i o n .  Measurements w e r e  ob ta ined  between Mach 0.60 and 1.60, between -9.0° 
and l l . O o  a n g l e  of s i d e s l i p ,  and to  a maximum 26.0° a n g l e  of a t t a c k .  
w i t h  c a r e f u l  c a l i b r a t i o n ,  a FADS can provide a c c u r a t e  a i r  data informat ion  a t  
t r a n s o n i c  speeds and over  a large range of flow angles .  In  g e n e r a l ,  t h e  p r e s s u r e  
f i e l d  of the  nose cap w a s  less complex than  the p r e s s u r e  f i e l d  a t  the  o t h e r  o r i f i c e  
l o c a t i o n s  on the nose s e c t i o n .  For example, n o  Mach d i s c o n t i n u i t y  w a s  found on t h e  
nose cap, i n d i c a t i n g  that  the bow wave of t h e  aircraft  w a s  detached.  Hence, a t  
Mach numbers for  which d i s c o n t i n u i t i e s  occur  on a P i t o t - s t a t i c  probe on t h e  nose 
boom, a more a c c u r a t e  a i r  data d e t e r m i n a t i o n  is p o s s i b l e  w i t h  f l u s h  orifices on a 
nose cap than  w i t h  the nose boom probe. The p r e s s u r e  d i s t r i b u t i o n  on t h e  s p h e r i c a l  
p o r t i o n  of  t h e  nose cap compared favorably  with t h a t  predicted by Newtonian f l o w  
f o r  a spherical body. 
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Severa l  o r i f i c e s  on t h e  nose cap  w e r e  s u i t a b l e  f o r  a c c u r a t e  de t e rmina t ion  of 
s t a g n a t i o n  pressure .  The p r e s s u r e s  f r o m  these orifices w e r e  moderately dependent  
on flow ang le  but ,  because of good r e p e a t a b i l i t y ,  w e r e  correctable. 
Orifices on t h e  forward l o c a t i o n  ( s t a t i o n  61)  on the nose s e c t i o n  w e r e  found 
t o  be more s u i t a b l e  f o r  the de te rmina t ion  of s t a t i c  p r e s s u r e  than the  o t h e r  o r i f i c e  
l o c a t i o n s .  However, more c a l i b r a t i o n  e f f o r t  would be r e q u i r e d  i f  t h e s e  o r i f i c e s  are 
t o  provide  accu ra t e  de t e rmina t ion  of s t a t i c  p res su re .  
P a i r s  of o r i f i c e s  on t h e  nose cap provided the b e s t  means of de te rmining  a n g l e  
of a t t a c k  because they provided t h e  l a r g e s t  p r e s s u r e  s e n s i t i v i t i e s  w i th  a n g l e  of 
attack. The s e n s i t i v i t i e s  of t h e  o r i f i c e  combinat ions i n v e s t i g a t e d  downstream of 
t h e  nose cap were t y p i c a l l y  less than  convent iona l  f low-angle senso r s .  However, 
t h e y  provided accurate f low ang le  in fo rma t ion  w i t h  s u i t a b l y  a c c u r a t e  instrumen- 
t a t i o n .  The parameter s e n s i t i v i t i e s  w e r e  found t o  vary cons ide rab ly  w i t h  Mach 
i n  t h e  t r anson ic  range; t h e  l a r g e r  t h e  g e n e r a l  l e v e l s  of s e n s i t i v i t y ,  t h e  more t h e  
s e n s i t i v i t i e s  var ied  with Mach. Because of t h e  r e l a t i v e l y  l a r g e  s e n s i t i v i t y  v a r i -  
a t i o n s  with Mach, c a r e f u l  c a l i b r a t i o n  of t h e  p r e s s u r e  parameters is requ i r ed  a t  
t h e s e  speeds. The g e n e r a l  f i n d i n g s  t h a t  applied t o  angle-of -a t tack  de te rmina t ion  
through p res su re  measurements are a l s o  a p p l i c a b l e  i n  p r i n c i p l e  f o r  t h e  determina- 
t i o n  of ang le  of s i d e s l i p .  
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16 
APPENDIX A - POSITION ERROR CALIBRATIONS AND CORRECTIONS 
The r e f e r e n c e  a i r  d a t a  probe ( I R  probe)  w a s  c a l i b r a t e d  us ing  t h e  pacer and 
a c c e l e r a t i o n - d e c e l e r a t i o n  methods. The a c c e l e r a t i o n - d e c e l e r a t i o n  method is  
d e s c r i b e d  i n  r e f e r e n c e  22; t h e  a n a l y s i s  of upper a i r  p r e s s u r e  h e i g h t s  r equ i r ed  
for  t h i s  method is  desc r ibed  i n  appendix C. To provide  a d d i t i o n a l  i n fo rma t ion  
on p r e s s u r e  h e i g h t s  and t o  check the r a d a r  a l t i t u d e  accuracy  ( r e f .  231, c o n s t a n t  
Mach runs  were made a long  the same ground t r ack  and a t  t h e  same a l t i t u d e  as t h e  
a c c e l e r a t i o n - d e c e l e r a t i o n  runs.  
F igu re  27 shows s t a t i c - p r e s s u r e  p o s i t i o n  error d a t a  a t  l o w  ang le s  of a t t a c k .  
These d a t a  w e r e  ob ta ined  wi th  t h e  nose boom i n s t a l l e d  i n s t e a d  of wi th  t h e  FADS nose 
cap. 
techniques .  The f i n a l  curve  for Mach number c o r r e c t i o n  AM f o r  s t a t i c - p r e s s u r e  posi- 
t i o n  error f o r  l o w  ang le s  of a t t a c k ,  which was based on more d a t a  than  t h a t  inc luded  
i n  f i g u r e  27, i s  p resen ted  i n  f i g u r e  9. A s  i n d i c a t e d  i n  f i g u r e  28, angle-of -a t tack  
e f f e c t s  on the s t a t i c - p r e s s u r e  error were s i g n i f i c a n t .  The numbers a t  t h e  d a t a  
p o i n t s  i n  f i g u r e  28 are t h e  corresponding values  of i n d i c a t e d  Mach number M i .  
From such d a t a ,  c o r r e c t i o n  curves  were generated ( f i g .  29). The curves  f o r  each 
i n d i c a t e d  Mach w e r e  a d j u s t e d  so t h a t  AM = 0 a t  t h e  average  a n g l e  of a t t a c k  flown 
f o r  t h e  p o s i t i o n  error c a l i b r a t i o n  d a t a  a t  lower a t t a c k  ang le s .  This  w a s  done for 
t h e  purpose of  d a t a  r educ t ion .  
Good agreement w a s  achieved between the pacer and a c c e l e r a t i o n - d e c e l e r a t i o n  
The I R  r e f e r e n c e  probe s t a t i c - p r e s s u r e  c o r r e c t i o n  f o r  p o s i t i o n  error also 
v a r i e d  s i g n i f i c a n t l y  wi th  a n g l e  of s i d e s l i p ,  as i n d i c a t e d  i n  f i g u r e  30. Here, 
a t y p i c a l  p l o t  of A M  v a r i a t i o n  i n  a s i d e s l i p  maneuver i s  shown f o r  M = 0.60 and 
a = 5 .0° .  
A comparison of t h e  s t a g n a t i o n  p res su res  from the nose boom P i t o t - s t a t i c  probe 
and the I R  r e f e r e n c e  probe i n d i c a t e d  large d i f f e r e n c e s  above M = 1.00. F igure  31 
shows t h e  I R  r e f e r e n c e  probe s t a g n a t i o n  p res su re  p l o t t e d  as a f u n c t i o n  of i n d i -  
c a t e d  Mach f o r  t h r e e  f l i g h t s .  The v a r i a t i o n  w a s  found to  be independent  of  ang le  
of  a t t a c k  below a = 1 0 . O o .  Lack of supersonic  data above a = 1 0 . O O  prevented a 
similar s t a g n a t i o n  p r e s s u r e  c a l i b r a t i o n  for t h e  h ighe r  f low angles .  
c a l i b r a t i o n s  f o r  a n g l e s  of a t t a c k  and s i d e s l i p  were ob ta ined  by comparing nose 
boom vane and I R  r e f e r e n c e  probe va lues .  The i n d i c a t e d  angle-of -a t tack  va lues  f o r  
t h e  nose boom system w e r e  corrected f o r  p i t c h  v e l o c i t y ,  upwash, boom and f u s e l a g e  
bending, and probe misal ignment  wi th  t h e  mean chord l i n e  of t h e  wing. The I R  
r e f e r e n c e  probe i n d i c a t e d  angu la r  measurements w e r e  c o r r e c t e d  on ly  f o r  a i r c r a f t  
a n g u l a r  v e l o c i t i e s .  F igu re  32 shows t y p i c a l  comparisons of t h e  angu la r  measure- 
ments. From t h e  I R  r e f e r e n c e  probe c a l i b r a t i o n  data, sidewash e f f e c t s  were prob- 
a b l y  a consequence of the gun f a i r i n g  ( f i g .  2). From t h e  c a l i b r a t i o n  d a t a ,  tab- 
u l a r  l i s t i n g s  of c o r r e c t i o n s  were cons t ruc ted  and used i n  a computer program t o  
o b t a i n  the f ree-s t ream a i r  d a t a  q u a n t i t i e s .  L inear  i n t e r p o l a t i o n  w a s  used t o  
o b t a i n  c o r r e c t i o n  va lues  between t a b u l a r  e n t r i e s .  
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A P P E N D I X  B -RECONSTRUCTION OF AIRCRAFT ATTITUDE ANGLES 
A malfunction i n  t h e  gimbaled i n e r t i a l  p l a t fo rm n e c e s s i t a t e d  t h e  r econs t ruc -  
t i o n  of t h e  a i r c r a f t  p i t c h ,  r o l l ,  and yaw a n g l e s  (Eu le r  a n g l e s )  from o t h e r  d a t a  
sou rces .  These sou rces  inc luded  body-axis l i n e a r  a c c e l e r a t i o n s  and angu la r  ra tes ,  
wind- re l a t ive  flow a n g l e s ,  me teo ro log ica l  d a t a ,  and r a d a r  t r a c k i n g  d a t a .  The b a s i c  
approach w a s  t o  i n t e g r a t e  a t t i t u d e  rate gyro  d a t a  and t o  correct f o r  bias-caused 
d r i f t  u s ing  meteoro logica l  d a t a ,  w ind- re l a t ive  f low a n g l e  d a t a ,  and t r a c k i n g  d a t a .  
The i n t e g r a t i o n  w a s  performed us ing  an  extended ( n o n l i n e a r )  Kalman f i l t e r  (EKF). 
The r econs t ruc t ed  va lues  f o r  t h e  a t t i t u d e  ang le s  w e r e  b e l i e v e d  to  be of comparable 
q u a l i t y  t o  da t a  obta ined  from +he gimbalet! p la t form.  A l l  computations w e r e  per- 
formed p o s t f l i g h t .  
The f i r s t  step of t h e  method w a s  t h e  c a l c u l a t i o n  of rough estimates of t h e  
a i r c r a f t  a t t i t u d e  ang le s  u s i n g  t h e  wind- re l a t ive  f low a n g l e ,  me teo ro log ica l ,  and 
t r a c k i n g  d a t a .  The  wind- re l a t ive  flow a n g l e  d a t a  were ob ta ined  from t h e  I R  
r e f e r e n c e  probe. The me teo ro log ica l  d a t a  w e r e  ob ta ined  from a tmospher ic  a n a l y s e s  
of rawinsonde balloon d a t a  (app. C ) ,  and t h e  t r a c k i n g  d a t a  w e r e  ob ta ined  from t h e  
NASA-Dryden AN/FPS-16 (C-band) high-range t r a c k i n g  system ( r e f .  23). F l i g h t p a t h  
heading  and f l i g h t p a t h  ang le  w e r e  a l g e b r a i c a l l y  combined wi th  a n g l e  of a t t a c k ,  
s i d e s l i p ,  and wind heading t o  g i v e  t h e  rough estimates. The geometry, a l though  
t e d i o u s ,  is s t r a i g h t f o r w a r d  ( r e f .  2 4 ) .  This  c a l c u l a t i o n  w a s  performed a t  t h e  ra te  
of  0.5 sample/sec. 
The second s t e p  of t h e  method w a s  t o  i n t e g r a t e  the rate gyro  d a t a  u s i n g  a n  EKF 
( r e f .  25) .  The i n t e g r a t i o n  w a s  performed a t  t h e  rate of 25 samples/sec; upda te s  
t o  c o r r e c t  f o r  bias-caused d r i f t s  w e r e  performed a t  t h e  ra te  of 0.5 sample/sec. 
The updates  were performed u s i n g  t h e  rough estimates d e s c r i b e d  i n  t h e  p rev ious  
paragraph. E s s e n t i a l l y ,  t h e  EKF w a s  used t o  superimpose t h e  high-f requency i n e r -  
t i a l l y  d e r i v e d  in fo rma t ion  on t h e  rough estimates of t h e  a t t i t u d e  ang le s .  
Because the updates  w e r e  performed on ly  once eve ry  50 samples, t h e  d a t a  
tended t o  t a k e  on a sawtooth appearance when p l o t t e d ,  which i s  obvious ly  a r t i f i -  
c ia l .  This  problem w a s  a l l e v i a t e d  by .pass ing  t h e  f i l t e r e d  estimates back through 
a f i x e d - i n t e r v a l  op t ima l  smoother ( r e f .  251.. This  smoother e l imina ted  t h e  s a w -  
too thed  edges while p r e s e r v i n g  t h e  frequency c o n t e n t  of i n t e r e s t .  The plots  of  
t h e  r e s u l t i n g  f i n a l  estimates took on a smooth appearance.  F igure  33 p r e s e n t s  
a n  example of  the rough, f i l t e r e d ,  and smoothed estimates f o r  r o l l  a t t i t u d e .  
A l l  va lues  had t h e  same mean t r end ;  however, t h e  f requency  c o n t e n t  of each  w a s  
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Background 
The pr imary purpose of us ing  upper a i r  a n a l y s i s  f o r  a i r  d a t a  c a l i b r a t i o n  w a s  t o  
e s t a b l i s h  a good estimate of ambient pressure  as a f u n c t i o n  of geometr ic  a l t i t u d e .  
Synopt ic  upper a i r  d a t a  obta ined  from s e v e r a l  l o c a t i o n s  a t  given t i m e s  ( f o r  0 O : O O  
and 1 2 : O O  h r  Greenwich mean t i m e ,  G . m . t . 1  were c h a r t e d  wi th  i s o l i n e s  and analyzed 
t o  d e p i c t  t h e  p a t t e r n  of p r e s s u r e  a l t i t u d e ,  temperature  T, and wind f i e l d s .  Changes 
i n  both va lue  and p a t t e r n  of t h e  upper a i r  pressure ,  temperature ,  and wind f i e l d s  
w e r e  convenient ly  observed from t h e s e  c h a r t s .  P r i n c i p a l  a t t e n t i o n  w a s  placed on t h e  
p r e s s u r e  f i e l d  because t h e  a i r p l a n e  s t a t i c - p r e s s u r e  source  error is  t h e  main cause  
of error f o r  i n - f l i g h t  measurement of pressure a l t i t u d e ,  Mach, and a i r s p e e d .  
Examples of p r e s s u r e  a l t i t u d e ,  Mach, and a i r s p e e d  s e n s i t i v i t y  to  t h e  accuracy  
of t h e  ambient p r e s s u r e  are presented i n  t a b l e  4. For t h e s e  examples, a p r e s s u r e  
increment e q u a l  to 0.1 p e r c e n t  of t h e  ambient p r e s s u r e  i s  shown. The s e n s i t i v i t y  
of Mach and a i r s p e e d  to pressure  o r  a l t i t u d e  accuracy  d e c r e a s e s  wi th  Mach a t  sub- 
s o n i c  speeds.  I t  reaches  a minimum t r a n s o n i c a l l y  a t  M = 1.14 and then  i n c r e a s e s  
wi th  Mach above t h i s  value.  The s e n s i t i v i t y  does n o t  change wi th  a l t i t u d e  between 
h p  = 11.00 and 20.00 km. 
r e p r e s e n t  t h e  s e n s i t i v i t i e s  f o r  a wide range of t r a n s p o r t  and f i g h t e r  a i r c r a f t ,  as 
i n d i c a t e d  i n  table  4. 
Therefore ,  on ly  a f e w  f l i g h t  c o n d i t i o n s  are needed to  
Both onhoard p r e s s u r e  s e n s o r s  and ground-based t r a c k i n g  radar w e r e  a v a i l a b l e  
wi th  accuracy and p r e c i s i o n  comparable t o  0.1 p e r c e n t  of t h e  p r e s s u r e ,  or better. 
The t y p i c a l  accuracy of i n d i v i d u a l  upper a i r  measurements w a s  more l i k e l y  t o  be i n  
t h e  range of 0.5 t o  1.0 p e r c e n t  of t h e  a m b i e n t  p r e s s u r e .  Therefore ,  meteoro logica l  
a n a l y s e s  were performed to  provide e s t i m a t e s  t h a t  minimized t h e  errors due to  meas- 
urement accuracy  as w e l l  a s  errors due t o  v a r i a b i l i t y  i n  t i m e  and space. 
Upper A i r  Measurements 
Upper a i r  data w e r e  ob ta ined  by rawinsonde methods t h a t  combined wind deter- 
mina t ion  by r a d a r  or r a d i o  d i r e c t i o n - f i n d e r  techniques ( r awin )  wi th  temperature ,  
humidi ty ,  and p r e s s u r e  d e t e r m i n a t i o n  u s i n g  a balloon-borne s e n s o r  package ( r a d i o -  
sonde) .  For a specific system used a t  a p a r t i c u l a r  upper a i r  s t a t i o n ,  t h e  r e l a t i o n  
between p r e s s u r e  and geometr ic  a l t i t u d e  z may be obta ined  by one of t w o  methods. 
The most p r e v a l e n t  method has  been t o  measure pressure, temperature ,  and humidi ty  
d i r e c t l y  on the sonde ins t rument .  Dens i ty  p is d e r i v e d  from these measurements 
by t h e  e q u a t i o n  of s ta te ,  and a l t i t u d e  i s  subsequent ly  d e r i v e d  by i n t e g r a t i o n  of 
t h e  h y d r o s t a t i c  equat ion ,  
6p = -pg 6z 
or ,  i n  terms of  t h e  measured independent v a r i a b l e s ,  
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where g and R r ep resen t  t he  a c c e l e r a t i o n  due t o  g r a v i t y  and the  gas  c o n s t a n t  f o r  
a i r ,  r e spec t ive ly .  With t h i s  method, a radio d i r e c t i o n - f i n d e r  antenna is  used f o r  
t r ack ing .  The e l e v a t i o n  angle  and de r ived  a l t i t u d e  are coupled wi th  t h e  measured 
azimuth a n g l e  to  determine t h e  range,  l o c a t i o n ,  and winds. 
Analyses of t h e  upper a i r  d a t a  are accomplished by i n t e r p o l a t i o n  of t h e  d a t a  i n  
( g e o g r a p h i c a l )  space f o r  given p res su re  va lues  (mandatory r e p o r t i n g  l e v e l s ) .  These 
d a t a  f i e l d s  may inc lude  temperature ,  humidi ty ,  and winds, as w e l l  as t h e  h e i g h t  of  
t h e  p r e s s u r e  su r face  being analyzed.  A s  shown i n  f i g u r e  34, t h e  f i e l d s  are u s u a l l y  
d e p i c t e d  by i s o l i n e s  o r  h e i g h t  contours  ( s o l i d  l i n e s )  and by i so therms (broken 
l i n e s ) .  Whether t h e  ana lyses  are produced o b j e c t i v e l y  wi th  a machine o r  manually 
wi th  s u b j e c t i v e  judgment, f i t t i n g  t h e  d a t a  t o  a c o n s i s t e n t  weather p a t t e r n  reduces  
t h e  e f f e c t  of  random measurement e r r o r s  and can the reby  h e l p  to  e l i m i n a t e  t h e  
e f f e c t s  of data from e x c e s s i v e l y  b i a sed  sensors .  The data are i n t e r p o l a t e d  to  t h e  
t es t  s i t e  l o c a t i o n  on t h e  synop t i c  c h a r t s  analyzed.  
~ 
I n  r e c e n t  years ,  t r a c k i n g  systems t h a t  d i r e c t l y  measure range ( r a d a r )  and 
a l t i t u d e  have come i n t o  use. Sounding in s t rumen t s  t h a t  do no t  measure pressure 
d i r e c t l y  may be employed wi th  t h e s e  systems. For such systems, t h e  equa t ions  of 
s t a t e  and h y d r o s t a t i c  balance are rear ranged  s o  t h a t  p r e s s u r e  becomes t h e  dependent 
v a r i a b l e .  Pressure  is  measured independent ly  a t  t h e  s t a t i o n  l o c a t i o n  by a ground- 
based barometer and i s  used t o  i n i t i a l i z e  t h e  i n t e g r a t i o n ,  
Meteorological  Analys is  Procedure 
The n e x t  s t e p s  i n  t h e  procedure are t o  examine t h e  v e r t i c a l  cons i s t ency  of t h e  
ana lyses  and to  i n t e r p o l a t e  t he  d a t a  t o  t h e  test t i m e  f o r  t h e  i n d i v i d u a l  mandatory 
p r e s s u r e  l eve l s .  The d i f f e r e n c e s  between geometr ic  a l t i t u d e  and p r e s s u r e  a l t i t u d e  
( z  - hp)  are the re fo re  p l o t t e d  as a func t ion  of a l t i t u d e .  
used t o  d e p i c t  t h e  p r e s s u r e  f i e l d  a t  t h e  test  si te.  
t h e  d i f f e r e n c e s  i n  p r e s s u r e s  between t h e  t es t  day and t h e  s t anda rd  day, as de f ined  
by r e f e r e n c e  26, f o r  p o s i t i o n  e r r o r  c a l i b r a t i o n  purposes.  The q u a n t i t y  z - hp is  
a convenient  value to  conve r t  geometr ic  a l t i t u d e  measured by r a d a r  t o  p r e s s u r e  
a l t i t u d e ,  hp = zm - ( z  - hp) ,  and subsequent ly  t o  conve r t  it to  ambient p re s su re .  
These d i f f e r e n c e s  are 
The z - hp q u a n t i t y  i d e n t i f i e s  
F igure  35 shows t h e  z - hp p r o f i l e s  f o r  t h e  two FADS f l i g h t s .  The morning and 
a f t e rnoon  synopt ic  ana lyses  showed reasonably  c o n s i s t e n t  t r e n d s  with a l t i t u d e .  
These p r o f i l e s  w e r e  then l i n e a r l y  i n t e r p o l a t e d  to  t h e  f l i g h t  tes t  t i m e s  f o r  t h e  two 
f l i g h t s  repor ted  here .  On t h e  b a s i s  of s u r f a c e  p r e s s u r e  measurements, s u b j e c t i v e  
ad jus tmen t s  of t h e  atmospheric  semidiurna l  t i d e  w e r e  a l s o  app l i ed  t o  t h e  l i n e a r  
i n t e r p o l a t e d  z - hp va lues .  
r e s p e c t i v e l y ,  f o r  t he  test t i m e s .  (On days when t h e  upper a i r  f i e l d s  conta ined  
small-scale f e a t u r e s  i n  t h e  p a t t e r n  or f r o n t s  advec t ing  through t h e  test  area, 
a d d i t i o n a l  adjustments  t o  t h e  l i n e a r  i n t e r p o l a t i o n  w e r e  warranted.  The semidi- 
u r n a l  adjustment w a s  r e l a t i v e l y  s u b j e c t i v e ,  g iven  t h e  l a c k  of s u i  table obse rva t ion  
and a p p l i e d  theory. 1 
These ad jus tments  w e r e  e q u i v a l e n t  t o  9 and 2 m, 
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Edwards AFB rawinsonde d a t a  observed between t h e  t e s t  t i m e s  agreed w e l l  wi th  
t h e  i n t e r p o l a t e d  z - hp p r o f i l e s  below hp = 9.10 km. 
t h i s  rawinsonde between hp = 9.10 and 12.20 km w e r e  anomalously cool .  
9.10 km, t h e s e  cooler temperatures produced l o w e r  z - hp v a l u e s  than  d i d  t h e  synop- 
t i c  a n a l y s i s .  Because t h e s e  c o o l e r  temperatures  w e r e  n o t  confirmed by o t h e r  a v a i l -  
a b l e  rawinsondes from Edwards AFB and nearby upper a i r  s ta t ions ,  t h e  i n t e r p o l a t e d  
z - hp v a l u e s  w e r e  l e f t  as analyzed and no t  ad jus t ed  on t h e  b a s i s  of t h e  local 
obse rva t ion .  
Temperatures measured on 
Above hp = 
Accuracy expected f o r  t h e  2 - hp p r o f i l e s  on t h e  tes t  day ranged from better 
than  59 m b e l o w  hp = 9.10 km to  223 m above hp = 12.20 km. 
were used wi th  r a d a r  a l t i t u d e  to  provide  an independent r e f e r e n c e  a i r  d a t a  
c a l i b r a t i o n .  
These z - hp p r o f i l e s  
To maintain t h e  accuracy  of t h e  2 - hp va lues  used f o r  f l i g h t  d a t a  a t  nominal 
d i s t a n c e s  from Edwards AFB, c o r r e c t i o n s  w e r e  app l i ed  f o r  t h e  h o r i z o n t a l  g r a d i e n t  
Of z - hp. Values f o r  t h e s e  c o r r e c t i o n s  were e s t ima ted  ( r e f .  22) on t h e  b a s i s  of 
t h e  g r a d i e n t s  on t h e  mandatory l e v e l  ana lyses  and by apply ing  t h e  geo t roph ic  f low 
approximation t o  the  windspeeds. For t h e s e  FADS f l i g h t  tests, t h e  e s t ima ted  gra-  
d i e n t s  i n  z - hp ranged from less than  0.15 m/n. m i .  below hp = 4.60 km t o  more 
than  0.30 m/n. m i .  between hp = 9.10 and 12.20 km. 
dec rease  range from n o r t h e r l y  a t  hp = 1.50 km t o  e a s t - n o r t h e a s t e r l y  a t  hp = 
12.20 km. 
The d i r e c t i o n s  of z - hp 
Temperature  and winds w e r e  a l s o  analyzed i n  a similar manner when r a d a r  veloc-  
i t i e s  w e r e  used f o r  a i r  d a t a  c a l i b r a t i o n  techniques us ing  t r u e  a i r s p e e d  or Mach, 
such  as t h e  LKF technique desc r ibed  i n  appendix B. When l o c a l  rawinsonde obser-  
v a t i o n s  were a v a i l a b l e ,  t h e  es t imated  wind and temperature p r o f i l e s  w e r e  weighted 
less h e a v i l y  on t h e  synop t i c  c h a r t  ana lyses  than w a s  t h e  case f o r  t h e  z - hp pro- 
f i l e s .  On t h e  test  day, t h e  expected accuracy of t h e  temperature  estimates ranged 
from 21.0 t o  f 3 O C .  E r r o r s  i n  t h e  e s t ima ted  wind components w e r e  expected to be less 
than  3 m/sec. Mach number u n c e r t a i n t i e s  due to  t h e s e  e f f e c t s  are on t h e  o r d e r  of 
a0.003 (0.001 t o  0.005) Mach f o r  temperature  and aO.01 Mach due to  wind error. 
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TABLE 1. - M A X I M U M  UNCERTAINTIES AND RESOLUTIONS OF RECORDED MEASUREMENTS 
Measurement Unce r t a in ty  Resolu t ion  Measurement 
f0.02 
f0.02 
f0.02 
fo.  001 4 
f0.0014 
20.0220 
50.0220 
f0 .  001 4 
f0.0080 
f0.0080 
f0.0080 
f0.0210 
20.021 0 
f 0 .  01 50 
20.0070 
fo .  01 00 
20. 01 50 
0.01 1 
0.006 
0.006 
0.0005 
0.01 20 
0.021 0 
0.021 0 
0.0005 
0.0070 
0.0070 
0.0070 
0.0200 
0.0200 
0 0060 
0.0030 
0.0040 
0.0030 
Unce r t a i n t  y 
~ 0 . 0 1 0 0  
f0.0100 
f0.0050 
~ 0 . 0 1 0 0  
f0.0130 
20.0130 
20.001 4 
f0 .  01 30 
20.0130 
20.01 30 
fo.  01 00 
f0.0140 
20.6 
21.20 
f0.6 
20.1 
20.1 
f2.0 
R e s o l u t i o n  
0.0040 
0.0040 
0.0020 
0.0010 
0.0010 
0.0050 
0.0005 
0.0050 
0.0050 
0.0060 
0.0040 
0.0050 
0.05 
0.07 
0.05 
0.1 
0.1 
0.2 
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TABLE 2. - FADS E'LIGHT TEST CONDITIONS 
Maneuver hP 
km Mach 
Constant hp and Mach survey 
Sideslip in trim 
Sideslip at high angle of attack 
Angle-of-attack 
Angle-of-attack 
Acceleration-deceleration 
Angle-of-attack 
Constant hp and Mach survey 
Angle-of-attack 
Sideslip in trim 
Sideslip in trim 
Angle-of-attack 
Sideslip at high angle of attack 
Stabilized, pacer 
Stabilized, pacer 
Stabilized, pacer 
Stabilized, pacer 
Stabilized, pacer 
Stabilized, pacer 
Stabilized, pacer 
Acceleration-deceleration 
Constant hp and Mach survey 
Angle-of-attack 
Sideslip in trim 
Sideslip at high angle of attack 
Angle-of-attack 
Sideslip in trim 
Sideslip at high angle of attack 
3.3 
3.3 
3.3 
3.3 
3.3 
13.1 
13.1 
13.1 
11.5 
11.5 
11.5 
9.8 
9.8 
9.8 
9.8 
9.8 
9.8 
9.8 
9.8 
9.8 
11.5 
11.5 
9.8 
9.8 
9.8 
11.5 
11.5 
11.5 
0.80 
0.90 
0.90 
0.95 
1.05 
0.60 to 1.40 
1.20 
0.80 
0.90 
0.90 
0.90 
0.60 
0.60 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.60 to 1.50 
0.80 
0.80 
0.80 
0.90 
0.90 
0.90 
0.90 
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TABLE 3. - OPTIMUM O R I F I C E S  
FOR A I R  DATA MEASUREMENTS 
O r i f i c e  locat ion 
A i r  data S t a t i o n  
B e s t  
over a l l  
measurement N o s e  cap 
61 127 
Mach 317 317 
4 4 pt 
P 12114 16r20 12,14 
B 8 , l l  13,15 18,22 8,11 
a 317 12,14 16,20 317 
TABLE 4. - A I R  DATA S E N S I T I V I T Y  
TO ALTIMETRY ERROR 
F l i g h t  I n c r e m e n t  due to  0 . 1 - p e r c e n t  
c ondi ti on ambient pressure change 
hpr km Mach Ahpr m AM AVr kno t s  
Sea leve l  0.50 8.39 0.001 5 1.70 
Sea level 1.14 8.39 0.0008 0.90 
12.192 0.80 6.34 0.001 0 1 .oo 
12.192 1.14 6.34 0.0008 0.80 
12.192 2.50 6.34 0.001 3 1.45 
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ECN 12745 
Figure  1 .  F-14 a i r p l a n e  w i t h  f l i g h t  test nose boom. 
E 39381 
Figure  2 .  Forebody of test  a i rc ra f t .  
27 
E 39384 
Figure 3 .  Hemispherical f l o w  d i r e c t i o n  p r o b e .  
28 
ECN 22769 
Figure 4 .  
F-14 n o s e  c o n e .  
FADS n o s e  cap blended w i t h  
4.19-cm radius P-l 
Orifices 1 to 7 are spaced 
Orifices 8 to 11 are spaced 
All orifices are 0.08 cm In 
in increments of 20° 
in increments of 30° 
diameter 
Side view Front view 
Figure 5 .  S e c t i o n a l  views o f  FADS nose  c a p .  
All orifices are 0.318 cm in 
diameter 
Rows are normal to fuselage 
longitudinal axis 
Station 61 orifices are on vertical 
and horizontal centerlines 
Station 127 orifices are spaced 
either 15O or 45O apart 
Station 127 
12 16 
15 <-3. 2 2 e 2  19 18 
14 27 26 20 25 24 
Station 61 Station 127 
Figure  6 .  
f ices  (numbered l o c a t i o n s  as viewed 
from front of nose c o n e ) .  
Nose s e c t i o n  p r e s s u r e  ori- 
29 
30 
ORIGINAL PAGE IS 
9& IeOOR QUALIT% 
ECN 22770 
Figure 7 .  P r e s s u r e  l i n e s  and t r a n s d u c e r s  ( l o o k i n g  forward i n s i d e  
n o s e  c o n e ) .  
IR scanner pod 
Pitot-static 
probe 
Aircraft fuselage 
91.80 cm 
42.50 cm 
L IR scanner pod =L 
Figure 8 .  Standard NASA P i t o t - s t a t i c  
p r o b e  ( r e f .  1 2 )  i n s t a l l e d  on I R  p o d .  
.20 - 
.18 - 
.16 - 
.14 - 
.12 
AM .io - 
.08 
- 
- 
.06 - 
Method 
0 Radar, decreasing Mach 
0 Radar, increasing Mach 
0 Pacer 
A LKF reconstruction 
AM = M - M~ 
Calibration curve - 
I rJ 
.04 
.02 
n 
"S .6 .7 .8 .9 1.0 1.1 1.2 1.3 
Mi 
Figure 9 .  Comparison of I R  probe 
c a l i b r a t i o n  data  (nose boom removed) 
w i t h  c a l i b r a t i o n  curve (nose b o o m  o n ) ,  
a < 6.0'. 
- LKF method 
--- IR method 
M ::; , 
, .- -- .6 
.5 
0 40 80 120 160 200 240 280 320 360 
LKF method - 
--- IR method 
1, sec 1, sec 
( a )  Mach. (b) Pressure a l t i t u d e .  
Figure 10 .  
r e f e r e n c e  probe  and determined from upper a i r  a n a l y s i s .  
Comparison of LKF t r a j e c t o r y  q u a n t i t i e s  w i t h  those measured b y  I R  
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3 0 r  
LKF method 
IR method 
- 
--- LKF method 
IR method 
- 
--- 
2.0 16 a 
(c) Angle of attack. 
- LKF method 
--- Upper air analysis 
I I I I I I 
0 40 80 120 160 200 240 280 320 360 
t, sec 
( e )  Dynamic p r e s s u r e .  
LKF method 
--- Upper air analysis 
- 
I _I 
ws, 
knots 
2 0 ‘  I I I I W  
0 40 80 120 160 200 240 280 : 
1, sec 
(9) Windspeed. 
Figure 1 0 .  
l2 r 
( d )  Angle of s i d e s l i p .  
LKF method - 
-- Upper air (assumed zero) 
I 
-8 
-12 0 40 80 120 I 160 200 I 240 I 280 320 360 
t, sec 
(f) Vertical windspeed.  
LKF method 
Upper air analysis 
- 
--- 
340 
330 
320 
31 0 
1 I I I 
0 40 80 120 160 200 240 280 320 360 
1, sec 
(h )  Wind d i r e c t i o n .  
Concluded. 
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13.0 r 
1.4 
M 1.0 
-Acceleration- 
1, sec 
( a )  Reference  Mach. 
6 L  4 1 
Left sideslip 
2 -  
l l  
deg 
0 I V 
Right sideslip- 
- 2  t \I 
- 4  I I I 1 1 I V I  
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( c )  Reference angle  o f  s i d e s l i p .  
5.0 
4.5 
4.0 
pt’ 3.5 
N/cm2 
3.0 
2.5 
2.0 1 I I I I I 
0 40 80 120 160 200 240 280 
1, sec 
( e )  Reference  s t a g n a t i o n  p r e s s u r e .  
12.8 
12.6 
h , 12.4 
P 
km 12.2 
12.0 
11.8 
11.6 
0 40 80 120 160 200 240 280 
1, sec 
(b) Reference p r e s s u r e  a l t i t u d e .  
Angle-of -attack 
(split -S) 
maneuver 
40 80 120 160 200 240 280 
t, sec 
( d )  Reference angle  o f  a t t a c k .  
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2.0 - 
P,  lm9 
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1.6 I 
1, sec 
( f )  Reference  s t a t i c  p r e s s u r e .  
Figure 1 1 .  
maneuvering f l i g h t  tests. 
T i m e  h i s t o r i e s  of  r e f e r e n c e  c o n d i t i o n s  and FADS p r e s s u r e s  during 
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p3' 3.5 
N/cm2 
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I I I 
0 40 80 120 160 200 240 280 
1, sec 
(9) Pressure measured a t  or i f ice  3 .  
Q . . . . .  
p5 
Nose cap 
4.5 
4.0 - 
3.5 
- 
- 
P5' 
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(i) Pressure measured a t  orifice 5 .  
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4.5 
4.0 
p49 3.5 
N/crn2 
3.0 
2.5 
Nose cap 
2.0 
0 40 80 120 160 200 240 280 
t, sec 
( h )  Pressure  measured a t  o r i f i ce  4 .  
p6 -Q . . . . .  
4.0 r Nose cap 
2.5 0 0 l%LLLLu 40 80 120 160 200 240 280 
t, sec 
(j) Pressure  measured a t  orifice 6 .  
Figure 1 1 .  Cont inued.  
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Nose cap 
4.0 r 
3.5 
2 
Nlcrn 3.0
P7’ I
2.5 
0 40 80 120 160 200 240 280 
t, sac 
( k )  Pressure  measured a t  or i f ice  7 .  
.2 4 ir 
pgpJ O 
Nose can 
R 
pg-plO’ Nlcm2 0 0  
-.2  .4 0 tllLllL 40 80 120 160 200 240 280 
1, sec 
( m )  D i f f e r e n t i a l  p r e s s u r e  measured 
between orifices 9 and 1 0 .  
Figure 1 1 .  
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Nose cap 
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( 1 )  D i f f e r e n t i a l  p r e s s u r e  measured 
between orifices 8 and 1 1 .  
P12’ 
Nlcrn’ 
pJ 
Station 61 
2.8 r 
2.6 
2.4 
2.2 
2.0 
1.8 ~ 
0 40 80 120 160 200 240 280 
1, sec 
(n) Pressure measured a t  orifice 1 2 .  
Continued. 
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Station 61 
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t, sec 
(0) Pressure  measured a t  orifice 1 3 .  
0 
Station 61 
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t, sec 
(q) Pressure measured a t  or i f ice  1 5 .  
Figure 1 1 .  
Station 61 
I I I I 1 
0 40 80 120 160 200 240 280 
1, sec 
( p )  Pressure  measured a t  orifice 1 4 .  
2.4 
2.2 
p16' 
N/cm2 
2.0 
0 
Station 127 
( r )  Pressure  measured a t  or i f ice  1 6 .  
Cont inued.  
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0 
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(s) Pressure  measured a t  orifice 1 8 .  
Station 0 127 
2.4 r 
2.2 
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N/cm2 
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1.6 
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1, sec 
( t )  Pressure  measured a t  orifice 20 .  
0 Station 127 
2.2 - 
P22’ 
N/cm2 
1.8 11111111 
0 40 80 120 160 200 240 280 
1, sec 
( u )  Pressure  measured a t  orifice 2 2 .  
Figure 11 . Concluded. 
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4.8 r 
1 
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4.6 
4.4 
1, sec 
( a )  Pressure measured a t  o r i f i c e  3 .  
Q . . . . .  
p5 
Nose cap 
4.7 r 
P5' 
Nlcrn' 
. . . . .  "0 
Nose cap 
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(b) Pressure measured a t  o r i f i c e  4 .  
4.5 6I / 3.9 I- Nose cap 
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(c) Pressure measured a t  o r i f i c e  5 .  ( d )  Pressure measured a t  o r i f i c e  6 .  
Figure 1 2 .  
sonic speeds from M = 0.98 to 1 . 0 4 .  
Time h i s tor i e s  o f  FADS nose cap pressures during acceleration t o  
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( e )  Pressure  measured a t  orifice 7 .  
Figure 1 2 .  Concluded. 
Curves are calculated from 
Pi P 
pt 
- = (1 -e) cos2e+ - Pt 
Latitude location 
of orifices 
Orifice 5, deg 
3 -15 
4 5 
5 25 
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'\, 
\ 
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.4 - 
-20 0 
5, deg 
.96 
.92 
.a8 
Pi 
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a, deg Mach Orifice 5,deg 
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A 19.9 0.86 6 45 
b 24.7 0.83 7 65 
0 6.1 0.90 3 -15 
1 .oo 
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( a )  E f f e c t  o f  Mach, a = 5 . 0 ° .  (b) E f f e c t  of  angle  o f  a t t a c k .  
Figure 1 3 .  
f l o w  compared w i t h  measured d a t a .  
Pressure  d i s t r i b u t i o n  on nose cap p r e d i c t e d  by modi f i ed  Newtonian 
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0 Decreasing a 
0 Increasing a pt Nose cap 
PTPI6 = - 
PTP14 
.96  
PTP16 
.6 .8 1 .o 1.2 1.4 1.6 
M 
Figure 1 4 .  S tagnat ion p r e s s u r e  parameter  
as a f u n c t i o n  of  Mach, a = 0.0" t o  5 . 9 " .  
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.8 11111111111111 
( a )  M = 0.57 t o  0.68. ( b )  M = 0.87 t o  0 . 9 2 .  
PTP15 = 5 
p6 pt . . . . .  
p6 p5 
0 Decreasing a 
0 Increasing a pt Nose cap 
PTP16 = - 
(c) M = 1 .21  t o  1 . 2 5 .  
Figure 1 5 .  Stagna t ion  p r e s s u r e  parameter as a f u n c t i o n  of ang le  of a t t a c k .  
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(b) M = 0.87  t o  0 . 9 2 .  
Figure 1 6 .  
a = 1.8' t o  5 .6 ' .  
S tagna t ion  p r e s s u r e  parameter as a f u n c t i o n  o f  a n g l e  of s i d e s l i p ,  
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(b)  Ori f ices  a t  s ta t ion  1 2 7 .  
F i g u r e  1 7 .  S t a t i c  pressure parameter as  a function of Mach. 
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( a )  Mach c o r r e c t e d  t o  M = 0.60 ( M  = 0 .57  
t o  0.68, actual  r a n g e ) .  
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Figure 18.  S t a t i c  p r e s s u r e  parameter a s  a f u n c t i o n  of ang le  o f  a t t a c k .  
44 
p12 + p14 Station 61 
p16 + p20 
2P 
2P 
PP22 = 
PP3* = 
0 Decreasing a o Increasing (I "BALL - 12P Station 127 
- Pi6 + . ' ' + P27 
pp22 1.34 8
r 
1-22 r 
1.10 
0 4 8 12 16 20 24 28 
a, deg 
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Figure 1 8 .  Concluded . 
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Figure 19. 
1.8" to 5.6'. 
S t a t i c  pressure parameter as a f u n c t i o n  of angle of sideslip, a = 
46 
0 Decreasing a 
0 Increasing a 
APll = 
AP12 = 
T I 
.4 
0 
APl 1 
- .4 
- .8 
p6 
Nose cap 
0 
0 
.12 r I 
AP1 2 
SY 1 I I 
- 4  0 4 8 12 16 20 24 
0 Decreasing a 
0 Increasing a 
p14 - p12 
G Station 61 AP21 = 
T I - o o  
- 1  O t  I I I - .v 
- 4  0 4 8 12 16 20 24 
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Figure 2 0 .  Angle-of -a t tack  parameter a s  a f u n c t i o n  o f  angle  o f  a t t a c k .  
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(e) M = 0.90, o r i f i c e s  a t  s tat ion 6 1 .  
Figure 20 .  
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Figure 2 0 .  Concluded. 
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on angle-of-attack parameter. 
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Figure 23 .  Angle-of -a t tack  s e n s i t i v i t y  
f a c t o r  a s  a f u n c t i o n  of Mach. 
( c )  a = 8.0'. 
P i  gure 2 2 .  Concluded . 
0 Decreasing p 
Increasing p 
Station 61 
r 
.4 
Bpll 0 
- .4 
- .8 
0 Decreasing /3 
p9 - p10 BP12 =- ii Nose cap 
I 
r 
.4 
BP12 0 
- .4 
-.a 
-12 -8 -4  0 4 8 12 
( a )  M = 0 . 7 7 ,  a = 1.9' t o  3.6', ori- 
f ices on nose  c a p .  
p22 - p18 BPBl = 
zi 
(p21 + p23) - (p17 + p19) BPB2 = 
Station 127 
.4 
0 
Bp21 
- .4 
t -.a 
-4 r 1 
Bp31 0 
- .4 
-12 -8 -4  0 4 8 12 
B, deg 
(b) M = 0 . 7 7 ,  a = 1.9' t o  3.6' ori- 
f ices a t  s t a t i o n s  61 and 127.  
Figure 2 4 .  A n g l e - o f - s i d e s l i p  parameter a s  a f u n c t i o n  of  angle  of s i d e s l i p .  
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Figure 2 4 .  Concluded . 
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Figure 25 .  
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Figure 2 6 .  Pressure  r a t i o  for determining Mach us ing  
nose cap orifices o n l y .  
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F i g u r e  26. Concluded. 
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Figure 2 7 .  
r e c t i o n  for s t a t i c - p r e s s u r e  p o s i t i o n  error 
o f  I R  r e f e r e n c e  probe as a f u n c t i o n  of  
i n d i c a t e d  Mach, a = 1 . 7 "  t o  2 . 7 " .  
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Figure 2 8 .  Mach c o r r e c t i o n  for  static- 
p r e s s u r e  p o s i t i o n  error of  I R  r e f e r e n c e  
probe  as  a f u n c t i o n  of angle  o f  a t t a c k  
f o r  d i f f e r e n t  i n d i c a t e d  Mach numbers. 
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Figure 29 .  Mach c o r r e c t i o n  for  s t a t i c -  
p r e s s u r e  p o s i t i o n  error of  I R  r e f e r e n c e  
probe as  a f u n c t i o n  of angle  o f  a t t a c k  
a t  cons tan t  i n d i c a t e d  Mach. 
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Figure 30. Mach c o r r e c t i o n  for  s t a t i c - p r e s s u r e  
p o s i t i o n  error of  I R  re fe rence  probe  a s  a func- 
t i o n  o f  angle  o f  s i d e s l i p ,  M = 0.60 and a 5.0". 
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Figure 3 1 .  Rat io  of s tagna t ion  pres sure  
o f  nose  boom t o  s tagna t ion  p r e s s u r e  of  
I R  r e f e r e n c e  probe  a s  a func t ion  of  
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Figure 3 2 .  Angle-of -a t tack  and a n g l e - o f - s i d e s l i p  calibration d a t a .  
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Figure 33. Typ ica l  t i m e  his tory of 
recons t ruc ted  roll a n g l e s ,  i n c l u d i n g  
rough, f i l t e r e d ,  and smoothed estimates. 
60 
1 
0 Upper air station - h contours, m 
T isotherms, O C  
P 
Figure 3 4 .  S y n o p t i c  meteorologica l  anal- 
y s i s  for 400-mbar s u r f a c e ,  hp = 7.19 km. 
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Figure 3 5 .  Geometric a l t i t u d e  p r o f i l e  o f  
d i f f e r e n c e  between geometr ic  a l t i t u d e  and 
p r e s s u r e  a l t i t u d e .  
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